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SPEAKER APPARATUS AND METHODS 
USEFUL IN CONJUNCTION THEREWITH 

REFERENCE TO CO.-PENDINGAPPLICATIONS 

0001. This is a continuation application of application Ser. 
No. 147293,381 filed Jun. 2, 2014, which is a continuation 
application of application Ser. No. 12/744,127 filed May 21, 
2010. Priority is claimed from U.S. provisional application 
No. 60/996.513, entitled “Improved Speaker Apparatus And 
Methods Useful In Conjunction Therewith and filed 21 Nov. 
2007. 

0002 Reference is hereby additionally made to the fol 
lowing co-pending applications: U.S. Provisional Applica 
tion 60/802,126 filed 22 May 2006 and entitled “Apparatus 
for Generating Pressure', U.S. Provisional Application 
60/872,488 filed 4 Dec. 2006 and entitled “Volume Control', 
U.S. Provisional Application 60/907,450 filed 2 Apr. 2007 
and entitled "Apparatus for Generating Pressure and Methods 
of Manufacture Thereof, U.S. Provisional Application 
60/924.203 filed 3 May 2007 and entitled “Apparatus and 
Methods for Generating Pressure Waves’, U.S. Provisional 
Application 60/996,513 filed 21 Nov. 2007 and entitled 
“Improved Speaker Apparatus and Methods Useful in Con 
junction Therewith, PCT/IL2007/000618 filed 21 May 2007 
and entitled “Direct Digital Speaker Apparatus Having a 
Desired Directivity Pattern, PCT/IL2007/000621 filed 21 
May 2007 and entitled “Volume and Tone Control in Direct 
Digital Speakers”, PCT/IL2007/000622 filed 21 May 2007 
and entitled “Apparatus and Methods for Generating Pressure 
Waves”; PCT/IL2007/000623 filed 21 May 2007 and entitled 
“Arrays of current bearing elements useful for generating 
pressure waves'; and PCT/IL2007/000624 filed 21 May 2007 
and entitled "Apparatus for Generating Pressure and Methods 
of Manufacture Thereof. 

FIELD OF THE INVENTION 

0003. The present invention relates generally to actuators 
and specifically interalia to speakers. 

BACKGROUND OF THE INVENTION 

0004. The state of the art for actuators comprising an array 
of micro actuators is believed to be represented by the fol 
lowing, all of which are US patent documents unless other 
wise indicated: 

0005 2002/0106093: The Abstract, FIGS. 1-42 and 
paragraphs 0009, 0023, and 0028 show electromagnetic 
radiation, actuators and transducers and electrostatic 
devices. 

0006 U.S. Pat. No. 6,373,955: The Abstract and col 
umn 4, line 34-column 5. line 55 show an array of 
transducers. 

0007 JP 2001016675: The Abstract shows an array of 
acoustic output transducers. 

0008 U.S. Pat. No. 6,963,654: The Abstract, FIGS. 1-3, 
7-9 and column 7, line 41-column 8, line 54 show the 
transducer operation based on an electromagnetic force. 

0009 U.S. Pat. No. 6,125,189: The Abstract; FIGS. 1-4 
and column 4, line 1-column 5. line 46, show an electro 
acoustic transducing unit including electrostatic driving. 

0010 WO 8400460: The Abstract shows an electro 
magnetic-acoustic transducer having an array of mag 
netS. 
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0011 U.S. Pat. No. 4,337,379: The Abstract; column 3, 
lines 28–40, and FIGS. 49 show electromagnetic forces. 

0012 U.S. Pat. No. 4,515,997: The Abstract and col 
umn 4, lines 16-20, show Volume level. 

0013 U.S. Pat. No. 6,795,561: Column 7, lines 18-20, 
shows an array of micro actuators. 

0014 U.S. Pat. No. 5,517,570: The Abstract shows 
mapping aural phenomena to discrete, addressable 
Sound pixels. 

(0.015 JP57185790: The Abstract shows eliminating the 
need for a D/A converter. 

0016 JP 51 120710: The Abstract shows a digital 
speaker system which does not require any D-A con 
Verter. 

0017 JP 09266599: The Abstract shows directly apply 
ing the digital signal to a speaker. 

0018 U.S. Pat. No. 6,959,096: The Abstract and col 
umn 4, lines 50-63 show a plurality of transducers 
arranged within an array. 

0019 Methods for manufacturing polymer magnets are 
described in the following publications: 
0020 Lagorce, L. K. and M. G. Allen, “Magnetic and 
Mechanical Properties of Micro-machined Strontium Ferrite/ 
Polyimide Composites, IEEE Journal of Micro-electrome 
chanical Systems, 6(4), December 1997; and 
0021 Lagorce, L. K. Brand, O. and M. G. Allen, “Mag 
netic micro actuators based on polymer magnets’, IEEE Jour 
nal of Micro-electromechanical Systems, 8(1), March 1999. 
(0022 U.S. Pat. No. 4,337,379 to Nakaya describes a pla 
nar electrodynamics electro-acoustic transducer including, in 
FIG. 4A, a coil-like structure. 
0023 U.S. Pat. No. 6,963,654 to Sotmeet al describes a 
diaphragm, flat-type acoustic transducer and flat-type dia 
phragm. The Sotme system includes, in FIG. 7, a coil-like 
Structure. 

0024 Semiconductor digital loudspeaker arrays are 
known, such as those described in United States Patent docu 
ment 20010048123, U.S. Pat. No. 6,403,995 to David Tho 
mas, assigned to Texas Instruments and issued 11 Jun. 2002, 
U.S. Pat. No. 4,194,095 to Sony, U.S. Pat. No. 4,515,997 to 
Walter Stinger, and Diamond Brett M., et al., “Digital sound 
reconstruction using array of CMOS-MEMS micro-speak 
ers”, Transducers '03, The 12" International Conference on 
Solid State Sensors, Actuators and Microsystems, Boston, 
Jun. 8-12, 2003; and such as BBE’s DS48 Digital Loud 
speaker Management System. 
0025 YSP 1000 is an example of a phased array speaker 
manufactured by Yamaha. Acoustical waveguides are known 
and may be designed using the principles described in con 
ventional texts on acoustics such as, for example, Encyclope 
dia of Acoustics by Malcolm J. Crocker, Wiley-Inter-science: 
Apr. 22, 1997, Fundamentals of Acoustics by Lawrence E. 
Kinsler, The Science and Applications of Acoustics by Daniel 
R. Raichel; Principles of Vibration and Sound by Thomas D. 
Rossing; and Foundations of Engineering Acoustics by Frank 
J. Fahy. 
0026. The disclosures of all publications and patent docu 
ments mentioned in the specification, and of the publications 
and patent documents cited therein directly or indirectly, are 
hereby incorporated by reference. 

SUMMARY OF THE INVENTION 

0027 Certain embodiments of the present invention seek 
to provide an improved speaker. 
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0028. There is thus provided, in accordance with an 
embodiment of the present invention, an actuation method for 
generating a physical effect, at least one attribute of which 
corresponds to at least one characteristic of a digital input 
signal sampled periodically in accordance with a clock, the 
method comprising providing at least one array of moving 
elements each constrained to travel alternately back and forth 
along a respective axis in response to an electromagnetic 
force operative upon the array when the array is in the pres 
ence of an alternating magnetic field, initially bringing the 
array of moving elements into at least one latching position 
and Subsequently reducing the magnitude of the electromag 
netic force, selectively latching at least one subset of the 
moving elements in at least one latching position thereby to 
prevent individual moving elements from responding to the 
electromagnetic force, receiving the clock and, accordingly, 
controlling application of the electromagnetic force to the 
array of moving elements, and receiving the digital input 
signal and controlling the latching accordingly. 
0029. Further in accordance with an embodiment of the 
present invention, the magnitude of the electromagnetic force 
is reduced to Zero once the array of moving elements has been 
brought into the at least one latching position. 
0030 Still further in accordance with an embodiment of 
the present invention, the magnitude of the electromagnetic 
force is reduced to a level greater than Zero once the array of 
moving elements has been brought into the at least one latch 
ing position. 
0031. Also provided, in accordance with another embodi 
ment of the present invention, is actuator apparatus for gen 
erating a physical effect, at least one attribute of which cor 
responds to at least one characteristic of a digital input signal 
sampled periodically in accordance with a clock, the appara 
tus comprising at least one actuator device, each actuating 
device including an array of moving elements, wherein each 
individual moving element is responsive to alternating mag 
netic fields and is constrained to travel alternately back and 
forth along a respective axis responsive to an electromagnetic 
force operative thereupon when in the presence of an alter 
nating magnetic field; at least one latch operative to selec 
tively latch at least one Subset of the moving elements in at 
least one latching position thereby to prevent the individual 
moving elements from responding to the electromagnetic 
force; a magnetic field control system operative to receive the 
clock and, accordingly, to control application of the electro 
magnetic force to the array of moving elements; and a latch 
controller operative to receive the digital input signal and to 
control the at least one latch accordingly wherein the mag 
netic field control system is operative to reduce the magnitude 
of the electromagnetic force once the array of moving ele 
ments has initially been brought into the at least one latching 
position. 
0032. Further provided, in accordance with another 
embodiment of the present invention, is actuator apparatus for 
generating a physical effect, at least one attribute of which 
corresponds to at least one characteristic of a digital input 
signal sampled periodically in accordance with a clock, the 
apparatus comprising at least one actuator device, each actu 
ating device including an array of moving elements, wherein 
each individual moving element is responsive to alternating 
magnetic fields and is constrained to travel alternately back 
and forth along a respective axis responsive to an electromag 
netic force operative upon the array when the array is in the 
presence of an alternating magnetic field; at least one latch 
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operative to selectively latch at least one subset of the moving 
elements in at least one latching position thereby to prevent 
the individual moving elements from responding to the elec 
tromagnetic force; a magnetic field control system operative 
to receive the clock and, accordingly, to control application of 
the electromagnetic force to the array of moving elements; 
and a latch controller operative to receive the digital input 
signal and to control the at least one latch accordingly, 
wherein the array comprises a set of moving elements which 
has a surface configuration more complex than a single plane. 
0033. Further in accordance with an embodiment of the 
present invention, the Surface configuration comprises a 
curved Surface portion. 
0034 Still further in accordance with an embodiment of 
the present invention, the curved Surface portion comprises a 
portion of a sphere. 
0035. Additionally in accordance with an embodiment of 
the present invention, the curved Surface portion comprises a 
portion of a cylinder. 
0036. Also in accordance with an embodiment of the 
present invention, the Surface configuration comprises a plu 
rality of planar portions. 
0037 Yet further inaccordance with an embodiment of the 
present invention, the plurality of planar portions together 
form a piecewise planar portion. 
0038. Additionally in accordance with an embodiment of 
the present invention, the plurality of planar portions are 
stacked one on top of another. 
0039. Also provided, in accordance with an embodiment 
of the present invention, is actuator apparatus for generating 
a physical effect, at least one attribute of which corresponds to 
at least one characteristic of a digital input signal sampled 
periodically in accordance with a clock, the apparatus com 
prising at least one actuator device, each actuating device 
including an array of moving elements, wherein each indi 
vidual moving element includes at least one magnet respon 
sive to alternating magnetic fields and is constrained to travel 
alternately back and forth along a respective axis responsive 
to an electromagnetic force operative upon the array when the 
array is in the presence of an alternating magnetic field; a 
magnetic field generator coiled around individual moving 
elements in the array of moving elements so as to generate the 
alternating magnetic field, the magnets in the moving ele 
ments being translatably disposed at specific horizontal loca 
tions above the coiled magnetic field generator, at least one 
ferromagnetic element disposed under the magnetic field 
generator and sticking up through the magnetic field genera 
tor at least at one horizontal location disposed below the 
magnets; at least one latch operative to selectively latch at 
least one Subset of the moving elements in at least one latch 
ing position thereby to prevent the individual moving ele 
ments from responding to the electromagnetic force; a mag 
netic field control system operative to receive the clock and, 
accordingly, to control application of the electromagnetic 
force to the array of moving elements; and a latch controller 
operative to receive the digital input signal and to control the 
at least one latch accordingly. 
0040. Further in accordance with an embodiment of the 
present invention, the ferromagnetic element comprises a 
planar portion on which are defined a plurality of apertured 
upstanding members, each of which upstanding members 
protrudes through the magnetic field generator at a horizontal 
location disposed below a magnet included in an individual 
moving element within the array of moving elements, each of 
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the upstanding members defining an air passage through 
which Sound waves, generated by the individual moving ele 
ment, may propagate. 

0041. Still further in accordance with an embodiment of 
the present invention, at least Some of the upstanding mem 
bers comprise truncated cones. 
0042. Also provided, in accordance with an embodiment 
of the present invention, is an actuation method for generating 
a physical effect, at least one attribute of which corresponds to 
at least one characteristic of a digital input signal sampled 
periodically in accordance with a clock, the method compris 
ing providing at least one array of moving elements each 
constrained to travel alternately back and forth along a 
respective axis in response to an electromagnetic force opera 
tive upon the array when the array is in the presence of an 
alternating magnetic field; selectively latching at least one 
Subset of the moving elements in at least one latching position 
thereby to prevent individual moving elements from respond 
ing to the electromagnetic force; receiving the clock and, 
accordingly, controlling application of the electromagnetic 
force to the array of moving elements; and receiving the 
digital input signal and controlling the latching step accord 
ingly wherein the latching occurs in accordance with a timing 
pattern introducing delays for the moving elements in the 
array so as to achieve Sound having a predetermined directiv 
ity pattern which differs from a natural directivity pattern 
which would have occurred if all moving elements in the 
array were to operate synchronously. 
0.043 Still further in accordance with an embodiment of 
the present invention, the predetermined directivity pattern 
comprises a omni-directional pattern defining a sphere hav 
ing a center point and wherein the delay comprises the fol 
lowing quotient for each moving element P in the array: 

delav = - elay= , 

where r distance between the center point and moving ele 
ment P and c is the velocity of sound through the medium in 
which the speaker is operating. 
0044 Additionally in accordance with an embodiment of 
the present invention, the predetermined directivity pattern 
comprises a cylindrical pattern defining a cylinder having a 
cylinder axis and wherein the delay comprises the following 
quotient for each moving element P in the array: 

delay = --, 
C 

wherer-distance between the cylinder axis and the pressure 
producing element Pandc is the Velocity of sound through the 
medium in which the speaker is operating. 
0045. Additionally in accordance with an embodiment of 
the present invention, the predetermined directivity pattern 
comprises a uni-directional pattern defining a beam having a 
planar wave front and a wave propagation direction and 
wherein the delay comprises the following quotient for each 
moving element P in the array: 
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* 
delay = 3. 

C 

where r distance between a pre-determined plane, lying 
behind the Surface of the pressure-producing elements and 
parallel to the planar wave front and normal to the wave 
propagation direction, and the pressure-producing element P 
and c is the velocity of sound through the medium in which 
the speaker is operating. 
0046 Yet further provided, in accordance with yet another 
embodiment of the present invention, is actuator apparatus for 
generating a physical effect, at least one attribute of which 
corresponds to at least one characteristic of a digital input 
signal sampled periodically in accordance with a clock, the 
apparatus comprising at least one actuator device, each actu 
ating device including a first array of moving elements, 
wherein each individual moving element is responsive to 
alternating magnetic fields and is constrained to travel alter 
nately back and forth along a respective axis responsive to an 
electromagnetic force operative thereupon when in the pres 
ence of an alternating magnetic field; a waveguide guiding 
Sound-waves generated by the array so as to achieve a desired 
directivity pattern; at least one latch operative to selectively 
latch at least one Subset of the moving elements in at least one 
latching position thereby to prevent the individual moving 
elements from responding to the electromagnetic force; a 
magnetic field control system operative to receive the clock 
and, accordingly, to control application of the electromag 
netic force to the array of moving elements; and a latch 
controller operative to receive the digital input signal and to 
control the at least one latch accordingly, including tempo 
rally staggering motion of individual moving elements so as 
to achieve the desired directivity pattern by reducing interfer 
ence between moving elements. 
0047. Further in accordance with an embodiment of the 
present invention, the waveguide intersects the array thereby 
to define a waveguide-array intersection and wherein the 
latch controller is operative to temporally stagger motion of 
individual moving elements in the array Such that individual 
moving elements move in order of their respective distances 
from the waveguide-array intersection. 
0048 Still further in accordance with an embodiment of 
the present invention, the waveguide comprises a second 
array of moving elements which together with the first array 
serves as a waveguide for Sound waves produced by both 
arrays. 
0049. Also provided, in accordance with another embodi 
ment of the present invention, is actuator apparatus for gen 
erating a physical effect, at least one attribute of which cor 
responds to at least one characteristic of a digital input signal 
sampled periodically in accordance with a clock, the appara 
tus comprising at least one actuator device, each actuating 
device including a first array of moving elements, wherein 
each individual moving element is responsive to alternating 
magnetic fields and is constrained to travel alternately back 
and forth along a respective axis responsive to an electromag 
netic force operative thereupon when in the presence of an 
alternating magnetic field; a waveguide comprising a second 
array of moving elements guiding Sound-waves generated by 
the arrays so as to achieve a desired directivity pattern; at least 
one latch operative to selectively latch at least one subset of 
the moving elements in at least one latching position thereby 
to prevent the individual moving elements from responding to 
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the electromagnetic force; a magnetic field control system 
operative to receive the clock and, accordingly, to control 
application of the electromagnetic force to the array of mov 
ing elements; and a latch controller operative to receive the 
digital input signal and to control the at least one latch accord 
ingly. 
0050 Additionally in accordance with an embodiment of 
the present invention, the waveguide intersects the array. 
0051. Further in accordance with an embodiment of the 
present invention, the waveguide has a Surface area and the 
array has a planar main Surface and most of the waveguide's 
Surface area is parallel to the main Surface. 
0052 Also provided, in accordance with another embodi 
ment of the present invention, is actuator apparatus for gen 
erating a physical effect, at least one attribute of which cor 
responds to at least one characteristic of a digital input signal 
sampled periodically in accordance with a clock, the appara 
tus comprising at least one actuator device, each actuating 
device including an array of moving elements, wherein each 
individual moving element is responsive to alternating mag 
netic fields and is constrained to travel alternately back and 
forth along a respective axis responsive to an electromagnetic 
force operative thereupon when in the presence of an alter 
nating magnetic field, thereby to define an amplitude of 
motion, the amplitude of motion being less than an amplitude 
value 6 derived assuming (a) a desired total sound pressure 
level implying a desired pressure P produced by each moving 
element and (b) an application-specific oscillation frequency 
f, and using the following conventional formula to derive the 
amplitude value from the pressure P and the oscillation fre 
quency: 

p-V p’s eff (1) 
2. Ro 

0053 where p is the medium density, S is the piston Sur 
face area, 6 is the motion amplitude (peak to peak) of an 
individual moving element, and R is the distance from the 
Source, at least one latch operative to selectively latch at least 
one Subset of the moving elements in at least one latching 
position thereby to prevent the individual moving elements 
from responding to the electromagnetic force; a magnetic 
field control system operative to receive the clock and, 
accordingly, to control application of the electromagnetic 
force to the array of moving elements; and a latch controller 
operative to receive the digital input signal and to control the 
at least one latch accordingly. 
0054 Further in accordance with an embodiment of the 
present invention, the amplitude of motion is less than the 
amplitude value c. 
0.055 Still further in accordance with an embodiment of 
the present invention, those moving elements closest to the 
intersection move first. 

0056. Also provided, in accordance with another embodi 
ment of the present invention, is a method for employing 
actuator apparatus to generate a physical effect, at least one 
attribute of which corresponds to at least one characteristic of 
a digital input signal sampled periodically in accordance with 
a clock, the method comprising providing actuator apparatus 
comprising at least one actuator device, each actuating device 
including an array of moving elements, wherein each indi 
vidual moving element is responsive to alternating magnetic 
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fields and is constrained to travel alternately back and forth 
along a respective axis responsive to an electromagnetic force 
operative thereupon when in the presence of an alternating 
magnetic field, at least one latch operative to selectively latch 
at least one Subset of the moving elements in at least one 
latching position thereby to prevent the individual moving 
elements from responding to the electromagnetic force, a 
magnetic field control system operative to receive the clock 
and, accordingly, to control application of the electromag 
netic force to the array of moving elements; and a latch 
controller operative to receive the digital input signal and to 
control the at least one latch accordingly; generating electro 
static force between at least an individual one of the moving 
elements and the at least one latch, the individual moving 
element having at least one moving element Surface, the latch 
having at least one latch Surface facing the moving element 
Surface; and providing a dielectric layer and applying the 
dielectric layer to at least an individual one of the surfaces. 
Said providing may also include additional treatment to at 
least partly prevent charge trapping in the dielectric layer. 
0057 Still further in accordance with an embodiment of 
the present invention, the electrostatic force is generated by 
applying Voltage generated by a Voltage Supply having posi 
tive and negative poles, the providing and applying comprises 
connecting the negative pole of the Voltage Supply to the 
individual surface to which the dielectric layer has been 
applied, and connecting the positive pole to a Surface facing 
the individual surface. 
0.058 Still further in accordance with an embodiment of 
the present invention, the providing and applying comprises 
connecting the positive pole of the Voltage Supply to the 
individual surface to which the dielectric layer has been 
applied, and connecting the negative pole to a Surface facing 
the individual surface. 
0059. Further in accordance with an embodiment of the 
present invention, charge trapping is prevented by coating the 
dielectric layer with a thin conductive layer. 
0060 Still further in accordance with an embodiment of 
the present invention, each moving element P in the array 
operates with a delay comprising the following quotient: 

delay= elay=. 

where d=distance between the intersection and the pressure 
producing element Pand c is the Velocity of sound through the 
medium in which the apparatus is operating. 
0061 Also provided in accordance with an embodiment of 
the present invention, is an actuation method for generating a 
physical effect, at least one attribute of which corresponds to 
at least one characteristic of a digital input signal sampled 
periodically in accordance with a clock, the method compris 
ing providing at least one array of moving elements each 
constrained to travel alternately back and forth along a 
respective axis in response to an electromagnetic force opera 
tive upon the array when the array is in the presence of an 
alternating magnetic field, thereby to generate a sound wave, 
and a waveguide intersecting the at least one array thereby to 
define an elongate array-waveguide intersection location, and 
operative to guide the Sound wave to achieve a pre-deter 
mined directivity pattern, selectively latching at least one 
Subset of the moving elements in at least one latching position 
thereby to prevent individual moving elements from respond 
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ing to the electromagnetic force; receiving the clock and, 
accordingly, controlling application of the electromagnetic 
force to the array of moving elements; and receiving the 
digital input signal and controlling the latching accordingly, 
wherein the latching comprises repeatedly selecting a current 
subset of moving elements to be latched into an individual 
extreme position, including determining the size of the Subset 
and determining the members of the current subset by select 
ing from among those moving elements not currently in the 
individual extreme position, a set of moving elements which 
are closest to the intersection location. 

0062. Further in accordance with an embodiment of the 
present invention, a LUT is used to perform the repeated 
selection, the LUT storing, for each position within the array, 
an ordinal number associated with the position and selected 
such that the distance of the position from the intersection 
location is a function of the position. 
0063 Still further in accordance with an embodiment of 
the present invention, the elongate intersection location defin 
ing a plurality of rows, into which the moving elements are 
partitioned, the rows being disposed parallel to the intersec 
tion location, and wherein the set of moving elements closest 
to the intersection location is selected, from among all mov 
ing elements of a given closeness to the intersection location, 
by preferring those moving elements which are close to a 
mid-axis bisecting the rows. 
0064. Also provided, in accordance with an embodiment 
of the present invention, is an actuation method for generating 
a physical effect, the method comprising providing at least 
one array of translating elements each constrained to travel 
alternately back and forth along a respective axis, toward first 
and second extreme positions respectively, in response to 
activation of first and second forces respectively; and using 
the first and second forces to selectably latch at least one 
Subset of the translating elements into the first and second 
extreme positions respectively. 
0065. Further in accordance with an embodiment of the 
present invention, the first and second forces on each indi 
vidual translating element are generated by at least one Volt 
age applied between the individual translating element and at 
least one respective electrode relative to which the translating 
element is traveling. 
0.066 Still further in accordance with an embodiment of 
the present invention, at least one translating element is 
operative to initially approach the first extreme position; and 
is subsequently operative to travel, alternately, from the first 
extreme position to the second extreme position, and from the 
second extreme position back to the first extreme position. 
0067. Additionally in accordance with an embodiment of 
the present invention, while the individual translating element 
initially approaches the first extreme position, the first force 
comprises an at least almost periodical force having a first 
period and activated in accordance with a first temporal 
schedule and the second force is an at least almost periodical 
force having a second period identical to the first period, the 
second force being activated during the second period in 
accordance with a second temporal schedule which is identi 
cal to, but shifted by halfa period relative to, the first temporal 
schedule. 

0068. Further in accordance with an embodiment of the 
present invention, the first temporal schedule includes a first 
half period interval and a second half period interval and 
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wherein, during the first half period interval, the first force is 
low in magnitude relative to its magnitude during the second 
half period interval. 
0069. Still further in accordance with an embodiment of 
the present invention, the Voltage has a first magnitude as the 
individual translating element leaves the second extreme 
position and begins to travel toward the first extreme position 
and has a second magnitude, Smaller than the first magnitude, 
once the translating element has already reached the first 
extreme position and the Voltage is merely serving to latch the 
translating element into the first extreme position. 
0070 Also provided, in accordance with an embodiment 
of the present invention, is multi-layer actuator apparatus 
comprising a first layer, at least a portion of which is conduc 
tive; at least one second operational layer, at least at portion of 
which is conductive, having formed therewithin: a plurality of 
operational units actuated by applying Voltage between con 
ductive portions of the first and second layers; and at least one 
cut-out portion isolating at least one Subset of the plurality of 
operational units from all operational units outside of the 
Subset other than a connecting channel which connects the 
subset of the plurality of operational units to all operational 
units outside of the subset, thereby to define a fuse. 
(0071. Further in accordance with an embodiment of the 
present invention, the first force on each individual translating 
element is generated by a first Voltage applied between the 
individual translating element and a first electrode disposed at 
the first extreme position and wherein the second force on 
each individual translating element is generated by a second 
Voltage applied between the individual translating element 
and a second electrode disposed at the second extreme posi 
tion. 
0072 Still further in accordance with an embodiment of 
the present invention, even when an individual translating 
element is neither latched to the first extreme position nor 
traveling toward it, the first Voltage is not uniformly Zero, 
thereby to expedite subsequent increase of the first voltage to 
a higher level when the individual translating element 
embarks on travel toward the first extreme position. 
0073. Additionally in accordance with an embodiment of 
the present invention, during at least a portion of time in 
which at least one individual translating element is latched to 
the first extreme position, the second Voltage is not less than 
the first voltage, thereby to expedite Subsequent increase of 
the second voltage to a higher level when the individual 
translating element embarks on travel toward the second 
extreme position. 
0074 Also provided, in accordance with an embodiment 
of the present invention, is a latch controller comprising elec 
tronic circuitry that transfers electric charge from at least one 
first electrode at least one second electrode thus increasing 
the power efficiency of the system. 
0075 Still further in accordance with an embodiment of 
the present invention, the latch controller also comprises at 
least one charge storage device capable of receiving charge 
from at least one electrode. 

0076 Still further in accordance with an embodiment of 
the present invention, the charge storage device is capable of 
transferring charge to at least one electrode. 
0077 Also provided, in accordance with an embodiment 
of the present invention, is an actuation system for generating 
a physical effect, the system comprising at least one array of 
translating elements each constrained to travel alternately 
back and forth along a respective axis, toward first and second 
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extreme positions respectively, in response to activation of 
first and second forces respectively; and a controller operative 
to use the first and second forces to selectably latch at least 
one Subset of the translating elements into the first and second 
extreme positions respectively. 
0078. Further in accordance with an embodiment of the 
present invention, the system also comprises a first layer, at 
least a portion of which is conductive; and the array is formed 
within at least one second operational layer, at least a portion 
of which is conductive, having formed therewithin a plurality 
of operational units, each including at least one translating 
element and actuated by applying Voltage between conduc 
tive portions of the first and second layers; and at least one 
cut-out portion isolating at least one Subset of the plurality of 
operational units from all operational units outside of the 
Subset other than a connecting channel which connects the 
subset of the plurality of operational units to all operational 
units outside of the subset, thereby to define a fuse. 
0079 Still further in accordance with an embodiment of 
the present invention, the first and second forces comprise 
electro-static forces. 
0080. Also provided, in accordance with an embodiment 
of the present invention, is an actuation system comprising at 
least one array of elastically translating elements, each con 
strained to travel, in response to a force operative thereupon, 
along a respective axis, from a first extreme position, to a 
second extreme position, thereby to define a first half of a 
temporal phase, and, upon reaching the second extreme posi 
tion, to return to the first extreme position, thereby to define a 
second half of a temporal phase; and a latching device pro 
viding only two operative states for each individual elasti 
cally translating element from among the array of elastically 
translating elements: a first state in which the individual elas 
tically translating element is latched into only one of the first 
and second extreme positions; and a second state in which the 
individual elastically translating element is free. 
0081 Further in accordance with an embodiment of the 
present invention, the system also comprises a first layer, at 
least a portion of which is conductive; and wherein the array 
is formed within at least one second operational layer, at least 
at portion of which is conductive, having formed therewithin 
a plurality of operational units, each including at least one 
translating element and actuated by applying Voltage between 
conductive portions of the first and second layers; and at least 
one cut-out portion isolating at least one Subset of the plural 
ity of operational units from all operational units outside of 
the Subset other thana connecting channel which connects the 
subset of the plurality of operational units to all operational 
units outside of the subset, thereby to define a fuse. 
0082 Further in accordance with an embodiment of the 
present invention, the system also comprises a controller 
operative to cause a force to operate, during a time period 
including at least one temporal phase, on at least one pair of 
adjacent elastically translating elements including first and 
second elastically translating elements, the force operating 
alternately, with a delay of halfa phase, on the first and second 
elements. 

0.083 Still further in accordance with an embodiment of 
the present invention, the controller is operative to cause an 
elastic force to operate on the at least one pair by unlatching 
the at least one pair. 
0084. Additionally in accordance with an embodiment of 
the present invention, at least one attribute of the physical 
effect corresponds to at least one characteristic of a digital 
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input signal sampled periodically in accordance with a clock, 
and application of at least one force to the array of translating 
elements is controlled at least partly according to the clock 
and latching is controlled at least partly according to the 
digital input signal. 
0085. Further in accordance with an embodiment of the 
present invention, the attribute comprises at least one of the 
following attributes: intensity; and pitch. 
0.086 Still further in accordance with an embodiment of 
the present invention, the first and second forces on each 
individual translating element are generated by at least one 
Voltage applied between the individual translating element 
and at least one respective electrode relative to which the 
translating element is traveling. 
I0087 Also provided, in accordance with an embodiment 
of the present invention, is a method for manufacturing an 
actuation system for generating a physical effect, the method 
comprising providing at least one array of translating ele 
ments each constrained to travel alternately back and forth 
along a respective axis, toward first and second extreme posi 
tions respectively, in response to activation offirst and second 
forces respectively; and providing a controller operative to 
use the first and second forces to selectably latch at least one 
Subset of the translating elements into the first and second 
extreme positions respectively. 
I0088 Also provided, in accordance with an embodiment 
of the present invention, is a method for manufacturing an 
actuation system, the method comprising providing at least 
one array of elastically translating elements, each constrained 
to travel, in response to a force operative thereupon, along a 
respective axis, from a first extreme position, to a second 
extreme position, thereby to define a first half of a temporal 
phase, and, upon reaching the second extreme position, to 
return to the first extreme position, thereby to define a second 
half of a temporal phase; and providing a latching device 
providing only two operative states for each individual elas 
tically translating element from among the array of elastically 
translating elements: a first state in which the individual elas 
tically translating element is latched into only one of the first 
and second extreme positions; and a second state in which the 
individual elastically translating element is free. 
I0089 Additionally provided, in accordance with an 
embodiment of the present invention, is a method for manu 
facturing multi-layer actuator apparatus, the method com 
prising providing a first layer, at least a portion of which is 
conductive; and providing at least one second operational 
layer, at least at portion of which is conductive, having formed 
therewithin a plurality of operational units actuated by apply 
ing Voltage between conductive portions of the first and sec 
ond layers; and at least one cut-out portion isolating at least 
one subset of the plurality of operational units from all opera 
tional units outside of the Subset other than a connecting 
channel which connects the subset of the plurality of opera 
tional units to all operational units outside of the Subset, 
thereby to define a fuse. 
0090 Regarding terminology used herein: 
0091 Array: This term is intended to include any set of 
moving elements whose axes are preferably disposed in 
mutually parallel orientation and flush with one another so as 
to define a surface which may be planar or curved. 
0092. Above, Below: It is appreciated that the terms 
“above' and “below' and the like are used herein assuming 
that, as illustrated by way of example, the direction of motion 
of the moving elements is up and down however this need not 
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be the case and alternatively the moving elements may move 
along any desired axis such as a horizontal axis. 
0093 Actuator: This term is intended to include transduc 
ers and other devices for inter-conversion of energy forms. 
When the term transducers is used, this is merely by way of 
example and it is intended to refer to all suitable actuators 
Such as speakers, including loudspeakers. 
0094 Actuator element: This term is intended to include 
any “column” of components which, typically in conjunction 
with many other such columns, forms an actuator, each col 
umn typically including a moving element, a pair of latches or 
“latching elements' therefore, each latching element includ 
ing one or more electrodes and insulative spacing material 
separating the moving element from the latches. 
0095 Coil: It is appreciated that the alternating electro 
magnetic force applied to the array of moving elements in 
accordance with certain embodiments of the present inven 
tion may be generated by an alternating electric current ori 
ented to produce a magnetic field gradient which is co-linear 
to the desired axes of motion of the moving elements. This 
electric current may comprise current flowing through a Suit 
ably oriented conductive coil or conductive element of any 
other suitable configuration. The term "coil is used through 
out the present specification as an example however it is 
appreciated that there is no intention to limit the invention 
which is intended to include all apparatus for applying an 
alternating electromagnetic force e.g. as described above. 
When “coil is used to indicate a conductor, it is appreciated 
that the conductor may have any suitable configuration such 
as a circle or other closed figure or substantial portion thereof 
and is not intended to be limited to configurations having 
multiple turns. 
Channels, also termed “holes' or “tunnels'': Although these 
are illustrated as being cylindrical merely by way of example, 
this need not be the case. 

0.096 Electrode: An electro-static latch. Includes either 
the bottom or top electro-static latch which latches its corre 
sponding moving element by virtue of its being oppositely 
charged such that each latch and its moving element consti 
tute a pair of oppositely charged electrodes. 
0097 Flexure: at least one flexible element on which an 
object is mounted, imparting at least one degree of freedom of 
motion to that object, for example, one or more flexible thin or 
Small elements peripheral to and typically integrally formed 
e.g. from a single sheet of material, with a central portion on 
which another object may or may not be mounted, thereby to 
impart at least one degree of freedom of motion to the central 
portion and objects mounted thereupon. 
0098. Latch, latching layer, latching mechanism: This 
term is intended to include any device for selectively locking 
one or more moving elements into a fixed position. Typically, 
“top” and “bottom latching layers are provided, which may 
beside by side and need not be one atop the other, and each 
latching layer includes one or many latching mechanisms 
which may or may not correspond in number to the number of 
moving elements to be latched. The term “latch pair is a pair 
of latches for an individual moving element e.g. including a 
top latch and a bottom latch, which may be side by side and 
need not be one atop the other. 
0099 Moving elements: These are intended to include any 
moving elements each constrained to travel alternately back 
and forth along an axis in response to an alternating electro 
magnetic force applied thereto. Moving elements are also 
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termed herein “micro-speakers”, “pixels”, “micro-actua 
tors”, “membranes' (individually or collectively) and “pis 
tons. 
0100 Spacers, also termed “space maintainers': Include 
any element or elements mechanically maintaining the 
respective positions of the electrodes and moving elements. 
The term “direct digital speaker' is used herein to include 
speakers that accept a digital signal and translate the signal 
into Sound waves without the use of a separate digital to 
analog converter. Such speakers may sometimes include an 
analog to digital converter as to allow them to translate analog 
signals instead or in addition to digital signals. Such speakers 
may include DDS (Direct Digital Speakers), DDL (Direct 
Digital Loudspeakers), DSR (Digital Sound Reconstruction) 
speakers, digital uniform loudspeaker arrays, matrix speak 
ers, and MEMS speakers. The term “direct digital speaker as 
used herein is intended to include speaker apparatus having a 
multiplicity of pressure-producing elements, which generate 
pressure either by virtue of their motion e.g. as specifically 
described herein or by heating and cooling the medium in 
which they reside, e.g. air, or by accelerating the medium in 
which they reside e.g. by ionizing the medium and providing 
a potential difference along an axis, or by operating as valves 
to selectively tap reservoirs of medium e.g. air, pressurized 
differently from the surrounding environment. The number of 
operating pressure producing elements (i.e. elements which 
are operating to generate pressure) is typically a monotoni 
cally increasing function of e.g. proportional to the intensity 
of the input signal, if analog, or to the digitally encoded 
intensity of the input signal, if digital. 
0101. The term “clock' used herein refers to the time 
duration associated with a single interval of the system clock. 
0102 The term “directivity pattern' as used herein refers 
to the pattern of the spatial distribution of the acoustic energy 
generated by speaker apparatus. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0103) Certain embodiments of the present invention are 
illustrated in the following drawings: 
0104 FIG. 1 shows graphs of system timing according to 
an embodiment in which power down of the magnetic field 
generator is provided after completion of the initialization 
sequence illustrated in FIG. 17D. 
0105 FIG. 2 shows graphs of system timing according to 
an embodiment in which power off is provided of the mag 
netic field generator after completion of the initialization 
sequence described in FIG. 17D. 
0106 FIGS. 3A-3D are examples of moving element array 
configurations constructed and operative in accordance with 
certain embodiments of the present invention. 
0107 FIG. 4 is a perspective view of an improved coil 
layer apparatus having a ferromagnetic element protruding 
through a magnetic field generator coiled about the moving 
elements in accordance with certain embodiments of the 
invention. 
(0.108 FIG. 5A is an enlarged view of a detail of FIG. 4. 
0109 FIG. 5B is a cross-sectional view of the apparatus of 
FIG. 4, also showing magnets. 
0110 FIG. 6 illustrates an array of moving elements hav 
ing a circular segment configuration which may be used, in 
conjunction with a Suitable temporal schedule for moving 
element operation, to generate an omni-directional synthetic 
directivity pattern having a radius which differs from the 
radius of the circular segment. 
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0111 FIGS. 7A and 7B are cross-sectional and isometric 
illustrations, respectively, of an array of moving elements 
having a cylindrical segment configuration which may be 
used, in conjunction with a suitable temporal schedule for 
moving element operation, to generate a cylindrical synthetic 
directivity pattern having a radius which differs from the 
radius of the cylindrical segment. 
0112 FIG. 8 is an isometric illustration of an array of 
moving elements having an arbitrary configuration which 
may be used, in conjunction with a Suitable temporal schedule 
for moving element operation, to generate a variety of direc 
tivity patterns which differ from the natural directivity pattern 
of the array. 
0113 FIGS. 9A and 9B are isometric and cross-sectional 
illustrations, respectively, of an array of moving elements and 
associated waveguide, constructed and operative in accor 
dance with a first embodiment of the present invention. 
0114 FIG. 10A is a cross-sectional illustration of an array 
of moving elements and associated waveguide, constructed 
and operative in accordance with a second embodiment of the 
present invention. 
0115 FIG. 10B is a cross-sectional illustration of an array 
of moving elements and associated waveguide, constructed 
and operative in accordance with a third embodiment of the 
present invention. 
0116 FIG. 10C is an isometric illustration of a pair of 
arrays of moving elements together serving also as a 
waveguide, constructed and operative in accordance with a 
fourth embodiment of the present invention. 
0117 FIG. 11 is an example of a look-up table useful in 
performing the moving element determination step in the 
flowchart of FIG. 21, for speakers constructed and operative 
in accordance with an embodiment of the present invention 
which include a waveguide. 
0118 FIGS. 12A-12C are matrices useful in constructing 
LUTs for speakers which include a waveguide. 
0119 FIG. 13 is a simplified functional block diagram 
illustration of actuator apparatus constructed and operative in 
accordance with certain embodiments of the present inven 
tion. 

0120 FIG. 14 is an isometric view of a skewed array of 
moving elements each constrained to travel alternately back 
and forth along a respective axis in response to an alternating 
electromagnetic force applied to the array of moving ele 
ments by a coil wrapped around the array. 
0121 FIG. 15 is an exploded view of an actuator device 
including an array of moving elements each constrained to 
travel alternately back and forth along a respective axis in 
response to an alternating electromagnetic force applied to 
the array of moving elements by a coil, and a latch, formed as 
a layer, operative to selectively latch at least one subset of the 
moving elements in at least one latching position thereby to 
prevent the individual moving elements from responding to 
the electromagnetic force. 
0122 FIG. 16 is a simplified flowchart illustration of a 
Suitable actuation method operative in accordance with cer 
tain embodiments of the present invention. 
0123 FIG.17A is a control diagram illustrating control of 
the latches and of the coil-induced electromagnetic force for 
a particular example in which the moving elements are 
arranged in groups that can each, selectively, be actuated 
collectively, wherein each latch in the latching layer is asso 
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ciated with a permanent magnet, and wherein the poles of all 
of the permanent magnets in the latching layer are all identi 
cally disposed. 
0.124 FIG. 17B is a flowchart illustrating a suitable 
method whereby a latching controller may process an incom 
ing input signal and control moving elements latches accord 
ingly, in groups. 
0.125 FIG. 17C is a simplified functional block diagram 
illustration of a processor, such as the processor 802 of FIG. 
17A, which is useful in controlling substantially any of the 
actuator devices with electrostatic latch mechanisms shown 
and described herein. 
(0.126 FIG. 17D is a simplified flowchart illustration of a 
suitable method for initializing the apparatus of FIGS. 
13-17C. 
I0127 FIG. 18A is a graph summarizing certain, although 
typically not all, of the forces brought to bear on moving 
elements in accordance with certain embodiments of the 
present invention. 
I0128 FIG. 18B is a simplified pictorial illustration of a 
magnetic field gradient inducing layer constructed and opera 
tive in accordance with certain embodiments of the present 
invention. 
I0129 FIGS. 18C-18D illustrate the magnetic field gradi 
ent induction function of the conductive layer of FIG. 18B. 
0.130 FIG. 19 is an isometric array of actuators supported 
within a Support frame providing an active area which is the 
Sum of the active areas of the individual actuator arrays. 
0131 FIG. 20A is a simplified generally self-explanatory 
functional block diagram illustration of a suitable system for 
achieving a desired directivity pattern for a desired Sound 
stream using a direct digital speaker with characteristics as 
indicated in FIG. 20A e.g. that shown and described herein in 
FIGS. 13-19. 
I0132 FIG. 20B is a simplified generally self-explanatory 
functional block diagram illustration of a suitable system for 
achieving a desired directivity pattern for a desired Sound 
stream which is of general applicability in that it need not 
employ a direct digital speaker with characteristics as indi 
cated in FIG. 20A e.g. that shown and described herein in 
FIGS. 13-19 and may instead employ any suitable direct 
digital speaker. 
0.133 FIG. 21 is a simplified flowchart illustration of per 
clock operation of the moving element constraint controller 
3050 of FIG. 20, in accordance with certain embodiments of 
the present invention. 
0.134 FIG.22A is a simplified diagram of an omni-direc 
tional propagation pattern. FIG.22B is a diagram of a Suitable 
positioning of a moving element array relative to the focal 
point of the desired omni-directional Sound propagation pat 
tern of FIG. 22A. 
0.135 FIG.23A is an isometric view of small-stroke actua 
tor apparatus, constructed and operative in accordance with 
certain embodiments of the present invention and having 
translating elements which requires no electromagnetic force 
for its operation because electrostatic forces are employed 
both to generate motion of the translating elements and to 
latch them. 
0.136 FIG. 23B is an exploded view of the apparatus of 
FIG. 23A 
I0137 FIG. 23C is an enlarged illustration of the bubble of 
FIG. 23A 
0.138 FIG. 24A is a simplified composite graph illustra 
tion of a suitable displacement (top graph) of a translating 
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element in the actuator apparatus of FIG. 23A and of voltage 
patterns which if applied to the top (middle graph) and bottom 
(bottom graph) electrode layers of the actuator apparatus 
respectively, result in the desired displacement shown in the 
top graph, all in accordance with certain embodiments of the 
present invention. 
0139 FIG.24B is a detailed graph illustration of voltages 
applied to the top (top graph) and bottom (bottom graph) 
electrode layers of the actuator apparatus, during the “start 
procedure' phase shown in FIG. 24A in which translating 
elements are put into motion, all according to certain embodi 
ments of the present invention in which the “roof of the 
pulses is not flat but rather inclines upward and then down 
ward e.g. as shown. 
0140 FIG.24C is a detailed graph illustration of voltages 
applied to the top (top graph) and bottom (bottom graph) 
electrode layers of the actuator apparatus, during the “up 
down translation' and “down-up translation’ phases shown 
in FIG. 24A, all according to certain embodiments of the 
present invention. 
0141 FIG. 25 is a simplified pictorial diagram of actuator 
apparatus having only one latch to latch its translating ele 
ments, the apparatus being constructed and operative in 
accordance with certain embodiments of the present inven 
tion. 
0142 FIG. 26 is a composite graph illustration of the 
velocity (solid line) and displacement (dashed line) for a 
cooperating pair of Subsets of translating elements in the 
actuator apparatus of FIG. 25, according to certain embodi 
ments of the present invention, for an embodiment in which a 
command to generate negative total pressure pulse is received 
when a first Subset of translating elements is close to the 
latching electrode and is latched following the command, 
while the second Subset of translating elements continues to 
OVC. 

0143 FIG. 27 is a composite graph illustration of the 
velocity (solid line) and displacement (dashed line) for a 
cooperating pair of translating elements in the actuator appa 
ratus of FIG. 25, according to certain embodiments of the 
present invention, for an embodiment in which a command to 
generate negative total pressure pulse is received when a 
second Subset of translating elements is close to the latching 
electrode and is latched following the command while the 
first Subset of translating elements continues to move. 
014.4 FIGS. 28A and 28B are isometric illustrations of the 
actuator apparatus of FIG. 25, constructed and operative in 
accordance with certain embodiments of the present inven 
tion. 
(0145 FIGS. 29A and 29B are exploded illustrations of the 
actuator apparatus of FIGS. 28A and 28B respectively. 
0146 FIG. 30 is a diagram of an array of translating ele 
ments to be used, in pairs, to generate a Sound. 
0147 FIG.31 is a pressure vs. time graph for a sound to be 
generated using the array of FIG. 30 and using a scheme in 
which the controller selectably latches (or not) all of the 
translating elements in the array into a single extreme position 
e.g. the first extreme position, as opposed to schemes in which 
the controller selectably latches (or not) some of the translat 
ing elements into the first extreme position and others of the 
translating elements into the second extreme position. 
0148 FIG. 32 is a composite graph including graphs of 
translations of each of the elements in the array of FIG. 30, as 
a function of time. Such translations being able to yield the 
sound depicted in FIG. 31. 
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014.9 FIG.33 is a top cross-sectional illustration of actua 
tor apparatus including a plurality of translating elements 
formed from a layer of suitable conductive material such as 
silicon, each having a fuse element comprising an isthmus of 
silicon, all constructed and operative in accordance with cer 
tain embodiments of the present invention. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

0150. According to certain embodiments of the invention, 
power may be conserved by turning off, or reducing the 
current through, the electro-magnetic field generatorata Suit 
able point in time e.g. after completion of an initialization 
sequence provided in accordance with certain embodiments 
of the present invention and described below with reference to 
FIG. 17D. The electro-magnetic field generator is typically 
turned off, or the current therethrough reduced, at the point 
where all moving elements have been latched into one of their 
typically two extreme positions, typically half of the moving 
elements being latched into each of the two positions. This is 
possible since the system operates in resonance and has a high 
Q factor Such that the electro-magnetic field is typically not 
necessary or hardly necessary in order to ensure that the 
moving element is latched into a new, opposite extreme posi 
tion each time it is released. 
0151 FIG. 1 illustrates system timing graphs including a 
graph A depicting the system clock, a graph B depicting a 
Suitable power graph for the electro-magnetic field generator, 
graph C depicting the vertical displacement of an individual 
moving element assuming the power graph of B, assuming 
that the moving element is moving into a top latching posi 
tion, and assuming that after approximately 6.5 millisec, the 
moving element is released from its top latching position at 
which point it begins to move toward its bottom latching 
position. Graphs D and E depict the voltage levels of the top 
and bottom latches respectively. As is apparent especially 
from Graph C, due to resonance, the amplitude of the moving 
element's periodic motion increases over time until, after 
approximately 4.5 millisec, it reaches an amplitude Sufficient 
for it to be electro-statically latched into its top latching 
position. After a suitable interval such as 0.5 millisec, the 
electro-magnetic field generator can be powered down as 
shown in FIG. 1, or even powered off as shown in FIG. 2. 
Typically, the powering-down or -off is compensated by 
increasing the latching Voltage. The increase in latching Volt 
age and decrease in electro-magnetic generator power may be 
selected to as to minimize power while still enabling latching 
to take place. 
0152 FIG. 2 is similar to FIG. 1 except that the electro 
magnetic field generator is powered off rather than being 
powered down as in FIG. 1. As is apparent by comparing 
Graphs D and E in FIGS. 1 and 2, the fact that the generator 
is powered off rather than down is compensated for by 
slightly increasing the latching Voltage, e.g., in the illustrated 
example, V shown in FIG. 1 is lower than V shown in FIG. 
2. 
0153. As described above, according to certain embodi 
ments, a set of moving elements is provided whose axes are 
typically substantially parallel and flush with one another so 
as to define a Surface which may or may not be planar. Each 
moving element is associated with other components such as 
latches, coils and spacer layers, together forming a column. 
FIGS. 3A-3D illustrate four exemplary sets of columns 
respectively, only the top surfaces 2200 of which are visible. 
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As shown, in FIG.3A, the surfaces 2200 define a main surface 
2210 curved along two axes which may for example comprise 
a portion of a spherical Surface defined about a center point 
2215 and having a radius R. In FIG. 3B, the surfaces 2200 
define a main surface 2220 curved about a single axis 2225; 
the main Surface may for example comprise a portion of a 
cylindrical surface. In FIG. 3C, the surfaces 2200 define a 
main surface 2230 which is piecewise planar in that it com 
prises a plurality of connected planes (three planes, 2240, 
2250 and 2260, in the illustrated example). In FIG. 3D the 
surfaces 2200 define a plurality of stacked surfaces (5 sur 
faces 2270, 2280, 2290, 2300 and 2310 in the illustrated 
example). Since the columns in obstructed Surfaces or por 
tions of surfaces are effectively inoperative, the stacked sur 
faces typically are of sequentially diminishing sizes as 
shown. It is appreciated that the obstructed portions of the 
surfaces other than the top surface 2310 may or may not be 
formed with actual columns. So, for example, the columns in 
portion 2320 of bottom surface 2270 may be omitted. 
0154 The configurations of FIGS. 3A-3D generate a 
respective variety of directivity characteristics. For example, 
the configuration of FIG. 3A generates omni-directional 
directivity. More specifically, if the top surfaces 2200 of the 
columns were to define a complete spherical Surface, the 
directivity achieved would be wholly omni-directional; if the 
top surfaces define only a portion of the spherical Surface as 
shown, the directivity achieved is partial i.e. a corresponding 
portion of omni-directionality is achieved. Specifically, good 
performance is achieved, other than fade, in a “natural good 
performance area' comprising a portion of the imaginary 
sphere delineated by the main surface 2210 and the set of radii 
connecting the perimeter of the main surface 2210 to the 
center 2215. It is appreciated that it is possible to achieve, by 
employing Suitable temporal staggering of the operation of 
the moving elements, good performance even outside the 
“natural good performance area'. For example, if it may be 
desired to achieve good performance in a 'synthetic good 
performance area' comprising a portion of an imaginary 
sphere delineated by the main surface 2210 and the set of line 
segments connecting the main Surface 2210 to an imaginary 
point 2216, different from the real center 2215 of the main 
surface. It is further appreciated that it is possible to achieve, 
by employing Suitable temporal staggering of the operation of 
the moving elements, good performance at an area Smaller 
than the “natural good performance area', by placing the 
imaginary point 2216 at a distance from the surface 2210 
which exceeds the distance of the real center 2215 from the 
Surface 2210. 

0155 Similarly, the configuration of FIG. 3B generates 
cylindrical directivity. More specifically, if the top surfaces 
2200 of the columns were to define a complete cylindrical 
surface, the directivity achieved would be wholly cylindrical, 
i.e. a “natural good performance area” would be achieved, 
other than fade, in an area located in-between the two planes 
that form the top and bottom of the cylinder; if the surfaces 
2220 define only a portion of the cylindrical surface as shown, 
the directivity achieved is partial i.e. a corresponding portion 
of cylindrical directionality is achieved. Specifically, good 
performance is achieved, other than fade, in a “natural good 
performance area' comprising a portion of the imaginary 
cylinder delineated by the main surface 2220 and the set of 
normals connecting the perimeter of the main surface 2210 to 
the axis 2225. It is appreciated that it is possible to achieve, by 
Suitable temporal staggering of the operation of the moving 
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elements, good performance in an area larger or Smaller than 
the “natural good performance area of the portion-cylindri 
cal array of FIG. 3B. For example, it may be desired to 
achieve good performance in a “synthetic good performance 
area' comprising a portion of an imaginary cylinder delin 
eated by the main surface 2220 and the set of shortest line 
segments connecting the main Surface 2210 to an imaginary 
axis, different from the real axis 2225. 
0156 Referring again to FIG. 3B, if the axis 2225 is ver 
tical then the directivity generated is horizontal, wholly or 
partially, hence suitable for applications in which it is desired 
to generate sound only at a specific vertical location e.g. 
within a certain floor in a multi-level facility. The configura 
tion of FIGS. 3C and 3D are respectively similar to FIG.3B in 
effect however are easier to manufacture and/or stronger in 
certain applications. 
0157 FIG. 4 is a perspective view of an improved coil 
layer apparatus 2400; FIG. 5A is a detail of FIG. 4 as indi 
cated by bubble 2405. FIG. 5B is a cross-section of the appa 
ratus of FIG. 5A also showing magnets 2407 translatably 
disposed at specific horizontal locations above the coil layer. 
In the embodiment of FIGS. 4-5B, at least one magnetic field 
conductor layer 2410 formed e.g. of a ferromagnetic material 
is provided, preferably disposed under the coil 2400 and also 
Sticking up through the coil at least at the horizontal locations 
disposed below the magnets 2407. For example, in the illus 
trated embodiment, the ferro-magnetic layer 2410 may com 
prise a planar portion 2415 in which is defined an array of 
apertured upstanding members 2420 such as apertured trun 
cated cones 2420 disposed under each magnet 2407. Each 
upstanding member 2420 defines an airpassage 2430 through 
which Sound waves generated by the moving elements asso 
ciated with the magnets 2407, may propagate. It is appreci 
ated that the ferromagnetic material used to build the ferro 
magnetic layer 2410 may, in certain embodiments, be an 
electric insulator or a poorly conducting material Such as 
Ferrite, Amorphous Ferrum, Kovar or Iron Powder, so as to 
reduce the generation of induced currents in the layer. This 
structure is operative to enhance the magnetic field, by virtue 
of provision of a ferromagnetic material, rather than air, 
through which the principal magnetic field lines 2440 pass as 
best seen in FIG. 5B. This structure is also operative to 
increase the gradient of the magnetic field across the magnet 
thus achieving a stronger force for a given current across the 
coil Finally, this structure reduces cross-talk between adja 
cent magnets i.e. reduces the influence that one magnet has on 
adjacent magnets by diminishing the magnetic field gener 
ated by each magnet at the locations occupied by other mag 
netS. 

0158. It is appreciated that in certain embodiments, more 
than one ferromagnetic material layer and in Some embodi 
ments more than one coil layer may be provided, e.g. one on 
each side of the layer of moving elements. 
0159 Reference is now made to FIGS. 6-8 which illustrate 
examples of methods for using delay patterns for staggered 
activation of the moving elements, thereby to achieve a par 
ticular, synthetic, directivity pattern, such as an omni-direc 
tional (spherical), cylindrical, uni-directional (beam) or poly 
directional (plurality of beams) pattern, which differs from 
the directivity pattern naturally produced by regular speaker 
apparatuses being used to generate Sound. This latter direc 
tivity pattern is referred to herein as the “natural directivity 
pattern of the speaker apparatus. As described above, the 
natural directivity pattern of speaker apparatus provided in 
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accordance with certain embodiments of the present inven 
tion typically depends on the geometrical configuration of the 
array of moving elements. In the example of FIG. 6, a syn 
thetic directivity pattern comprising an omni-directional pat 
tern with radius R, is achieved using speaker apparatus 
whose natural directivity pattern comprises an omni-direc 
tional pattern with radius R. In the example of FIGS. 
7A-7B, a synthetic directivity pattern comprising a cylindri 
cal pattern with radius R, is achieved using speaker appa 
ratus whose natural directivity pattern comprises a cylindrical 
pattern with radius R 
(0160 Specifically, FIG. 6 relates to an array 2500 having 
a spherical segment configuration of radius R having a 
cross-sectional coverage angle C, that corresponds to a 
spherical coverage angle 

gate 

- reinfo-cin? (true = 27tsin (2 S. i). 

To provide a synthetic spherical pattern having a radius R, 
and a cross-sectional coverage angle 

R C 

f3 = 4aesin sin: ing 4 

which corresponds to spherical coverage angle 

Qing = 2nsin (2 - sin f ), 

a timing pattern may be used by the latching mechanism 
associated with the array 2500, which introduces delays such 
that each pressure-producing element (also termed herein 
“moving element') 2510 arrives at its, say, upper extreme 
position with a delay, as computed below, relative to an arbi 
trary temporal reference point. As shown, the delay assigned 
to each pressure producing element 2510 typically depends 
on the distance r between that element and the axis of sym 
metry 2520 of the entire array 2500 of pressure producing 
elements. In particular, the delay assigned to an individual 
pressure producing element whose distance from the axis of 
symmetry is r, may be as follows: 

2 
2 (R – R, + v Ric-r) + r. 

delay = - -, 
C 

where r distance between the symmetry axis passing the 
focal point P and the individual pressure-producing element, 
c=the speed of sound through the medium in which the 
speaker is operating, radius R is the true (hardware) radius 
of the spherical surface, and R, is the imaged radius of the 
synthetic spherical pattern. 
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If R, R, the required delay vs. r distribution is 

2 

(R – Rae + v Ric-r) + r2 R 
delay = , = , = const 

C C 

which means that no temporal staggering of the motion of the 
moving elements is required. 
0.161 FIGS. 7A and 7B are cross-sectional and isometric 
illustrations, respectively, of an array having a cylindrical 
segment configuration of radius R., a cross-sectional cov 
erage angle C, and an synthetic directivity pattern with cross 
section coverage angle B. Typically, the latching mechanism 
introduces a suitable (positive or Zero) delay for each indi 
vidual pressure-producing element, using the formula: 

2 
2 (Ring - Rtrue + W. Rite - r2 ) + r2 

delav = -- elay C 

where r-distance between the symmetry plane and the indi 
vidual pressure-producing element, c the speed of Sound 
through the medium in which the speaker is operating, radius 
R is the true (hardware) radius of the cylindrical Surface 
and R is the imaged radius of the synthetic cylindrical ing 

surface. It is appreciated that if it is desired to achieve 
R. R., the required delay vs. r distribution is 

2 

(R – Rae + v Ric-r) + r delay = , = , = const 
C C 

which means that all moving elements may move synchro 
nously. If the imaged coverage angle of the synthetic cylin 
drical patternis B and the true coverage angle is C. the imaged 
pattern radius is 

sin(of 4) 
Ring = tre sin(B/4) 

while the required delay vs. r distribution is not constant as 
evident from the above delay equation. 
0162 Another example of using a particular array of mov 
ing elements having a natural directivity pattern, to achieve a 
synthetic pattern which differs from the natural directivity 
pattern, is when an array comprising a portion of a spherical 
Surface, defining a symmetry axis, is used to achieve a uni 
directional directivity pattern directed in parallel to the sym 
metry axis. According to this embodiment, a suitable delay 
(positive or Zero) is introduced, via the latching mechanism, 
for each individual pressure-producing element, using the 
formula: 

2 Rire - V Rie - 2 delay = - , 
C 
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where r distance between the symmetry axis passing the 
focal point and the individual pressure-producing element, 
c=the speed of sound through the medium in which the 
speaker is operating. 
0163 Yet another example of using a particular array of 
moving elements having a natural directivity pattern, to 
achieve a synthetic pattern which differs from the natural 
directivity pattern, is when an array comprising a portion of a 
cylindrical Surface defining a symmetry axis, is used to 
achieve a uni-directional directivity pattern directed in paral 
lel to the symmetry axis and normally to the cylindrical Sur 
face. According to this embodiment, a Suitable delay is pro 
vided for each individual one of the pressure-producing 
elements, using the formula: 

2 Rtrue - V Rie - r2 
-, delay = 

where r-distance between the symmetry axis and the indi 
vidual pressure-producing element, c the speed of Sound 
through the medium in which the speaker is operating. 
0164 More generally delay formulae for each of the mov 
ing elements, as a function of the position of the moving 
element, may be as follows: 
The following is a delay formula which may be employed 
when an array of moving elements of arbitrary configuration 
is used to obtain a synthetic spherical pattern: 

delay = 2, 
C 

for each individual pressure producing element P2 at a dis 
tance r2 from the focal point O (the sphere center) 
The following is a delay formula which may be employed 
when an array of moving elements of arbitrary configuration 
is used to obtain a synthetic cylindrical pattern: 

i delay = --, 
C 

for an individual pressure producing element P at a distance 
r from the focal line L (the cylinder axis). 
0.165. The following is a delay formula which may be 
employed when an array of moving elements of arbitrary 
configuration is used to obtain a beam (planar wave) pattern: 

* delay = 3. 
C 

for an individual pressure producing element P at a distance 
r from a plane X which is parallel to the planar wave front 
(and normal to the wave propagation direction). FIG. 8 illus 
trates an arbitrary array of pressure-generating elements to 
create any propagation pattern (spherical, cylindrical or pla 
nar/beam); each Small square images a pressure-producing 
element. Plane X is a selected one of the wave-fronts of a 
planar wave to be generated. The value r3 is the distance 
between plane X and a moving element location P3. 
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016.6 L is the focal line (the cylinder axis) of a cylindrical 
wave to be generated within the brackets of implementations 
of the cylindrical pattern. The value r1 is the distance between 
this axis and a point P1 at which a pressure-producing ele 
ment is disposed. O is the focus (the sphere axis) of a cylin 
drical wave to be generated within the brackets of implemen 
tations of the spherical pattern. The value r2 is the distance 
between this center and any point P2 at which a pressure 
producing element is disposed. 
(0167 Reference is now made to FIGS. 9A and 9B which 
are respective isometric and cross-sectional views of speaker 
apparatus constructed and operative in accordance with cer 
tain embodiments of the present invention and including an 
array 2700 of moving elements e.g. in accordance with any of 
the embodiments shown and described herein, and a 
waveguide 2710 associated therewith intended to change the 
directivity of sound produced by the array 2700 of moving 
elements, e.g. because the geometry of the application man 
dates a particular orientation for the array, resulting in a 
natural directivity which does not happen to comply with the 
requirements of the application. For example, in cellular tele 
phones it may be desired to provide a planar array arranged 
parallel to the flat front surface of the phone, however, it may 
be desired to provide a beam of Sound emanating from the 
side of the phone. The particular waveguide 2710 illustrated 
in FIGS. 9A-9B is intended to provide a beam of uni-direc 
tional sound directed in a direction indicated by arrow 2720. 
As shown, the waveguide 2710 plane intersects array 2700 
thereby to define a waveguide-array intersection axis 2730. 
0.168. It is appreciated that the relatively small number of 
moving elements in the apparatus of FIG.9A is shown merely 
for simplicity; the array 2700 may include any suitable num 
ber of moving elements such as thousands of moving ele 
mentS. 

0169 Preferably, the array of moving elements includes 
latches associated with a latch controller as described in detail 
herein. However, in this embodiment, the latch controller is 
operative to control at least one latch so as to temporally 
staggering motion of individual moving elements thereby to 
achieve a desired directivity pattern, e.g. as indicated by 
arrow 2720 in the illustrated embodiment, by reducing inter 
ference between moving elements. Typically, the latch con 
troller is operative to temporally stagger motion of individual 
moving elements in the array Such that individual moving 
elements move in order of their respective distances from the 
waveguide-array intersection. In the illustrated embodiment, 
the array of moving elements includes rows A, B, C, D, . . . 
which are increasingly distant from the intersection axis 2730 
and the latch controller may control the latches for each of 
these rows so as to introduce a delay At between adjacent 
rows, starting from row A and continuing until the row 2735 
most distant from the intersection axis 2730 is reached (i.e. 
between rows A and B, B and C, C and D, etc.). Delay At 
typically equals d/c where d is the distance between adjacent 
rows and c is the Velocity of Sound through the medium in 
which the speaker is operating. 
0170 The waveguide may have a variety of configurations 
e.g. as shown in FIGS. 9B, 10A and 10B respectively. A 
particular advantage of the apparatus of FIG. 10A is that the 
main surface 2735 of the waveguide is parallel to the array 
2700 thereby providing compactness. 
0171 According to one embodiment of the present inven 
tion, as shown in FIG. 10C, the waveguide may itself com 
prise a pair of typically intersecting arrays 2700 and 2740 of 
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moving elements 2750 which together serve a waveguide for 
the waves produced by both arrays 2700 and 2740. It is 
appreciated that the second array of moving elements 2740 
need not be planaras shown in FIG.10C and may instead have 
any suitable configuration Such as but not limited to those of 
the waveguides 2712 and 2714 of FIGS. 10A and 10B respec 
tively. Latch control for the second array may be the same, 
mutatis mutandis, as for the first array; the latch controller 
may control the latches for each of rows A, B, C, ... of the 
second array 2740 so as to introduce a delay At between 
adjacent rows, starting from row A and continuing until the 
row most distant from the intersection axis 2760 is reached 
(i.e. between rows A" and B', B' and C'C' and D', etc.). 
0172. The method of operation of FIG. 21 is generally 
Suitable for speaker systems whose moving element arrays 
are in accordance with those shown and described in FIGS. 
1-10C herein. When a waveguide is provided e.g. as described 
herein with reference to FIGS.9A-10C, the LUT to be used in 
step 3200 of FIG. 21 is typically constructed and operative to 
take the presence of the waveguide into account. One Suitable 
LUT is provided in FIG. 11, for an array which includes 
20x20 moving elements. The LUT is used to determine an 
order of operation of the moving elements in the array by 
assigning ordinal numbers to each moving element in the 
array as shown and selecting sets of moving elements to be 
operated in ascending order of ordinal number. Specifically in 
the event that the latch controller determines that N moving 
elements are to be moved from a first extreme latching posi 
tion, e.g. the bottom position, to a second extreme latching 
position, e.g. top position, the selected elements are the N 
elements from among those currently in the bottom latching 
position whose respective ordinal numbers in the LUT are 
Smallest. 

0173. In the event that the latch controller determines that 
M moving elements are to be moved back from a second 
extreme latching position to the first extreme latching posi 
tion, the selected elements are similarly those M elements 
from among those currently in the second extreme latching 
position whose respective ordinal numbers in the LUT are 
Smallest. 
0.174 More specifically, operating the array typically 
comprises lifting operations (moving from the bottom latch 
ing position to the top latching position) and dropping opera 
tions (moving from the top latching position to the bottom 
latching position). In a typical example, a sequence of sets of 
moving elements, including N1, N2, N3 moving elements 
respectively as computed in step 3100 of FIG. 21, are lifted, 
followed by dropping operations of sets of M1, M2, M3 
moving elements. In this example, assuming that the initial 
state of the array is such that all the moving elements are in 
their bottom latching position, then N1+N2+N3 must be 
equal or greater than M1+M2+M3 or else more elements are 
to be dropped than are at the top position after the lifting 
stages are finished. 
0.175. According to certain embodiments of the present 
invention, the first set of moving elements to be lifted includes 
those moving elements numbered 1, N1, the second set 
includes those moving elements numbered N1+1, ... N1+N2, 
the third set includes those moving elements N1+N2+1, ... . 
N1+N2+N3. At the end of this stage, elements numbered 1. 
... N1+N2+N3 are latched at the top latching position and the 
rest are latched at the bottom. The first dropping operation 
includes the set of moving elements numbered 1... M1 (after 
which elements M1--1 ... N1+N2+N3 are in their top posi 

May 14, 2015 

tions and the rest are in their bottom positions), the second set 
includes those moving elements numbered M1+1, . . . 
M1+M2, the third set includes those moving elements 
M1+M2+1, ... M1+M2+M3. At the end of this stage, ele 
ments numbered 1 . . . M1+M2+M3 are latched into their 
bottom latching positions, elements M1--M2+M3+ 1 . . . 
N1+N2+N3 are latched into their top positions and elements 
numbered N1+N2+N3+1 and above are latched in their bot 
tom positions. 
0176). As shown, generally, the LUT is constructed such 
that moving elements close to row A, the row closest to the 
intersection between waveguide and array, tend to be oper 
ated before moving elements which are further from row A. 
Also, at least for arrays of moving elements which are rela 
tively wide compared to the wavelength associated with the 
system sampling rate, each set of moving elements selected 
for operation is selected so as to prefer moving elements close 
to a mid-axis 2800 bisecting the rows A, B, C, ... or A, B, C 
of FIGS. 10A-10C over moving elements which are further 
from the mid-axis. 
0177. It is appreciated that the moving elements in such a 
set may, if disposed in different rows (e.g. A, B, C of FIGS. 
10A-10C), operate not synchronously but rather after delays 
corresponding to their respective distances from a row Such as 
row A. If, for example, N moving elements comprising a 
currently operating set are disposed at lines C, D and E, the 
distance between adjacent lines equals d. At d/c (c being the 
velocity of sound in the medium in which the speaker is 
disposed) and the operation instruction is issued at timet, then 
the elements of rows C, D and E may be caused to operate at 
times (t+2xAt), (t+3xAt) and (t+4xAt) respectively. Only ele 
ments disposed at line A are caused to operate immediately 
upon issuance of the operation instruction or, more precisely, 
as soon thereafter as the internal hardware and software 
latency allows. 
0.178 A method for building a LUT for a speaker which 
includes a waveguide is now described. The method typically 
includes the following steps, performed in a suitable order 
Such as the following: 
Determine the wavelength of a sonic wave that has a fre 
quency equal to the sampling rate (clock) of the system, 
uS1ng: 

where: 
w The wavelength m 
fs—Sampling rate HZ 
C Velocity of sound m/s. For air at STD, C-340 m/s 
0179 Define the primary axis of the array as the axis along 
which the Sound propagates. Determine whether the array is 
narrow or wide, and use either the narrow array method or the 
wide array method below, accordingly. For example, a Suit 
able criterion for making this determination is that if the 
width, i.e. the dimension perpendicular to the primary axis, 
i.e. the length of rows A, B, C, . . . . of the array, is equal or 
smaller than w, the “narrow array' method described hereaf 
ter may be used. Otherwise the “wide array' method may be 
used. 
0180 Assuming the array has NXM elements, where each 
column of the array (e.g. A.B,C,D of FIG.9B) has N elements 
and there are M columns in total, draw a LUT of M rows and 
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N columns e.g. as shown in FIG. 11. The first column (A) 
holds elements (1) ... (N). The second column (B) elements 
are (N+1) . . . (2xN). The third (C) column elements are 
(2xN-1) . . . (3xN) etc. The last column holds elements 
(M-1)xN+1 . . . (MXN). In general, the i' column holds 
elements (i-1)xN+1 ... ixN. The order of the elements 
within each column is determined by either the “narrow 
array' or “wide array' methods described below. 
Narrow Array method: In narrow arrays, the ordering of the N 
elements of each column is believed to be of little importance. 
So, in certain embodiments random ordering may be used. In 
another embodiment “bit-reversal order may be used. The 
following example shows "bit-reversal ordering for a case 
wherein N equals 8 and M equals 10: 
Write number 0 . . . (N-1) in binary form: 
OOO 
OO1 

O11 

101 
110 
111 
Reverse the order of the bits in each row: 
OOO 

110 
OO1 
101 
O11 
111 
Convert back to decimal and add 1: 
1 

Copy and results to all the columns in the array. To the second 
column add 8. To the third column add 16. To the fourth 
column add 24 and so on and so forth. In general add (i-1)*8 
to the i' column as shown in FIG. 12A. 
Wide Array method: In one possible embodiment, the ele 
ments in each column are ordered according to their distance 
from the center of the column (the cell closest to N/2). In the 
following example, Nequals 8 and M equals 10. The follow 
ing steps may be performed, e.g. in the following order: 
Write the number 1 in the 4th cell of the column. The rest of 
the numbers 2 ... 8 are written in ascending order on both 
sides of the 4th cell, e.g. as shown in FIG. 12B. Copy and 
results to all the columns in the array. To the second column 
add 8. To the third column add 16. To the fourth column add 
24 and so on and so forth. In general add (i-1)*8 to the ith 
column e.g. as shown in FIG. 12C. 
0181. The LUTs, and methods for constructed LUTs, 
shown and described herein, are Suitable for performing step 
3200 of FIG.21 although they are not intended to be limiting. 
In the case of the embodiment of FIG. 10C, a separate LUT is 
built for each of the two arrays shown (the first array having 
rows A, B, C and the second array having rows A, B, C). The 
LUT for the first array having rows A, B, C ... may be as in 
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FIG. 11 or may be constructed using the methods shown and 
described above. The LUT for the second array having rows 
A, B, C, ... is typically such that each moving element in the 
second array operates simultaneously with the moving ele 
ment facing it in the first array. So, for example, moving 
element 2810" may operate simultaneously with moving ele 
ment 2810, moving element 2820 may operate simulta 
neously with moving element 2820, and moving element 
2830' may operate simultaneously with moving element 
283O. 

0182. It is appreciated that the LUTs shown and described 
herein are only one possible implementation of a pre-deter 
mined moving element selection criterion. Alternatively, any 
other Suitable implementation of a particular moving element 
selection criterion, such as but not limited to those described 
herein or implied from the context of the LUTs described 
herein may be employed, such as an algorithmic implemen 
tation. 

0183. According to certain embodiments of the present 
invention, and unexpectedly, the amplitude of the moving 
elements used in any of the systems shown and described 
herein, may be much less, e.g. an order of magnitude less, 
than that predicted by conventional acoustic formulae. 
Specifically, the conventional formula for computing pres 
sure produced by a vibrating piston in an infinite baffle is: 

P = V reself (1) 
2. Ro 

Where: 

0.184 P. The pressure produced by the piston Pascal 
p—The medium density (for air, p=1.2 at ATP) KG/m3 
S—The piston Surface area m2 
6. The motion amplitude (peak to peak) of the piston m 
f. The oscillation frequency Hz 
Ro The distance from the Source m 
If an array of moving elements, each including a piston, is 
provided, the total pressure produced equals to the Sum of the 
pressures produced by all the elements. If they are all identical 
then the maximal pressure producible by the array is: 

P=PN (2) 

Where: 

0185. P. The total pressure produced by the array Pas 
cal 
N. The number of elements in the array 
Typically, in the speaker apparatus shown and described 
herein, less than all the elements are working all the time. To 
compute the pressure produced at a frequency different from 
the sampling rate, the following equation may be used: 

3 P = P, if (3) 
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To compute the SPL (Sound Pressure Level), the following 
formula may be used: 

P ) (4) SPL = 20-logo 
O 

0186. Where: 
SPL The sound pressure level dBSPL 
Po The reference 0 dB pressure Pascal typically 20 uPa 
Three examples of application-specific speakers are 
described herein. Example 1 employs the following param 
eters: 

d The moving element diameter is 450L, 
6. The moving element peak-to-peak amplitude is 15u, 
f. The operating sampling frequency is 32000 Hz. 
f The speaker is assumed to work in a telecom application 
where the bandwidthis 300 Hz-3.5 KHz. The SPL of the array 
of moving elements increases with frequency So if sufficient 
loudness is assured at the lowest frequency of interest, 
adequate SPL at the entire working bandwidth is guaranteed. 
Hence, in this example f is 300 Hz 
N. The number of elements in the array is 1000 
Ro The reference distance is 1 m 
Hence, the area of each element is: 

S = d (9-9) - so 10. = r(t) = a ('') = 1.59.10. 
The pressure produced by each element is: 

V2. t. 1.2.1.59. 107. 1.50. 106.32000? (1) 
P = 2.1 = 0.065p 

The total pressure of the array is therefore: 
P=0.065-1000=65 (2) 

The pressure produced at the lowest frequency of interest is 
therefore: 

P = 65 300 = 0.61 (3) 
f = 0-320 – v. Pa 

And the SPL is therefore: 

0.61 (4) SPL = 20. logists ..) = 89.6dB 

This matches the design criteria for this speaker which was 90 
dB 
0187. An experiment was performed to investigate these 
parameter values. Moving elements with the following 
parameters were constructed: 
d The moving element diameter is 450L 
6. The moving element peak-to-peak amplitude is 100LL 
f. The operating sampling frequency is 32000 Hz. 
Ro The reference distance is 1 m 
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The expected pressure of these elements was: 

V2. t. 1.2.1.59. 107.100. 109.32000? (1) 
P = - 1 = 0.043.p. 

However, measurements of these elements in the course of the 
experiment indicated that in fact, they produced pressure 
levels of 0.4 Pa-0.5 Pa or about 10 times the expected pres 
sure. In view of the unexpectedly increased SPL, it was pos 
sible to reduce the amplitude to 10% of its original value or 
10L. Repeated measurements showed pressure levels of 0.04 
Pa-0.05 Pa which are suitable for the target application. 
0188 When a moving element and an electrode, provided 
in accordance with certain embodiments of the present inven 
tion, are latched by applying Voltage, termed herein "latching 
Voltage', therebetween, the latching force may gradually 
decrease e.g. due to charge trapping effects. In order to main 
tain effective latching, the latching Voltage is typically gradu 
ally increased over time so as to maintain a desired level of 
latching force. 
0189 The electrode layer may be coated with a thin layer 
of dielectric (insulator), e.g. Silicon Nitride or Sapphire. The 
negative pole of a power Supply may be connected to the 
moving element and the positive pole to the electrode. Voltage 
is then applied to charge the two elements. Typically, when 
the moving element and the electrode are in close proximity, 
the strength of the electrostatic field between their surfaces is 
so strong it rips (ionizes) the molecules trapped in the Small 
air gaps between those surfaces. The released electrons accel 
erate towards the positive electrode. They hit the dielectric 
material at Velocities and energy levels sufficiently high Such 
that Some of them penetrate and sink into the dielectric mate 
rial. Due to the non-conducting nature of the dielectric mate 
rial, the penetrating electrons become trapped in the dielec 
tric, masking some of the positive charge of the electrode with 
their own negative charge, thus reducing the attracting latch 
ing force between the electrode and the moving element. This 
process may be difficult to reverse as dielectrics, being insu 
lators, do not allow electrons to travel freely through them. 
This problem may be avoided by reversing the polarity of the 
applied Voltage Such that the positive pole is connected to the 
moving element and the negative to the electrode. The accel 
erated electrons then impinge upon the moving element and 
not the dielectric and since the moving element is conductive 
(or coated with a conductor) the excess charge can be easily 
dissipated and absorbed by the power supply. 
0190. It is appreciated that the dielectric layer may be 
applied to the Surface of the moving element rather than to 
that of the electrode, in which case the positive pole of the 
Voltage is connected to the electrode and the negative to the 
moving element. 
0191 There are also techniques known in the art that can 
overcome charge trapping. One example is coating the dielec 
tric layer with a thin conductive layer. This layer dissipates 
the charge applied by impacting electrons. Since this conduc 
tor is in contact with the moving element, it short cuts the 
excess electrons to the moving element. 
0.192 The technical field of the invention includes that of 
a digital transducer array of long-stroke electromechanical 
micro actuators constructed using fabrication materials and 
techniques to produce low cost devices for a wide variety of 
applications, such as audio speakers, biomedical dispensing 
applications, medical and industrial sensing systems, optical 
Switching, light reflection for display systems and any other 
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application that requires or can derive benefit from longer 
travel actuation and/or the displacement of greater Volumes of 
fluid e.g. air or liquid relative to the transducer size. 
0193 Certain embodiments of the present invention seeks 
to provide a transducer structure, a digital control mechanism 
and various fabrication techniques to create transducer arrays 
with a number, N, of micro actuators. The array is typically 
constructed out of a structure of typically three primary layers 
which in certain embodiments would comprise of a mem 
brane layer fabricated out of a material of particular low 
fatigue properties that has typically been layered on both 
sides with particular polar aligned magnetic coatings and 
etched with a number, N, of unique “serpentine like' shapes, 
so as to enable portions of the membrane bidirectional linear 
freedom of movement (the actuator). The bidirectional linear 
travel of each moving section of the membrane is confined 
within a chamber (actuator channels) naturally formed typi 
cally by sandwiching the membrane layer between two mir 
ror image Support structures constructed out of dielectric, 
Silicon, Polymer or any other like insulating substrate, are 
typically fabricated with N precisely sized through holes 
equal in number to the N serpentine etchings of the membrane 
and typically precisely positioned inapattern which precisely 
aligns each through hole with each serpentine etching of the 
membrane. Further affixed to the outer surfaces of both the 
top and bottom layers of the Support structure are, typically, 
conductive overhanging Surfaces such as conductive rings or 
discs (“addressable electrodes'), which serve to attract and 
hold each actuator as it reaches its end of stroke typically by 
applying electrostatic charge. 
0.194. A device constructed and operative in accordance 
with certain embodiments of the present invention is now 
described. 
(0195 FIG. 14 is a perspective view of one suitable 
embodiment of the present invention. 
(0196. FIG. 15 is an exploded view of a device constructed 
and operative in accordance with certain embodiments of the 
present invention. 
0.197 FIG. 16 is a simplified flowchart illustration of a 
Suitable actuation method operative in accordance with cer 
tain embodiments of the present invention. 
0198 FIG. 17A is a block diagram of a speaker system 
constructed and operative in accordance with certain embodi 
ments of the present invention. FIG. 17B is a flow diagram of 
the speaker system constructed and operative in accordance 
with certain embodiments of the present invention. FIG. 18A 
illustrates a suitable relationship between the different forces 
applied to the moving elements. 
(0199. Whereas FIG. 14 illustrates an array of elements in 
a honeycomb construction constructed and operative in 
accordance with certain embodiments of the present inven 
tion, FIG. 19 illustrates an apparatus using a plurality (array) 
of devices. 
0200 Effective addressing is typically achieved through 
unique patterns of interconnects between select electrodes 
and unique signal processing algorithms which typically 
effectively segments the total number of actuators in a single 
transducer, into N addressable actuator groups of different 
sizes, beginning with a group of one actuator followed by a 
group of double the number of actuators of its previous group, 
until all N actuators in the transducer have been so grouped. 
0201 To attain actuator strokes the transducer is typically 
encompassed with a wire coil, which, when electrical current 
is applied, creates an electromagnetic field across the entire 
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transducer. The electromagnetic field causes the moving part 
of the membrane to move typically in a linear fashion through 
the actuator channels. If the current alternates its polarity, it 
causes the moving part of the membrane to vibrate. When 
electrostatic charge is applied to particular addressable elec 
trode groups, it will typically cause all actuators in that group 
to lock at the end of the stroke, either on top or bottom of the 
Support structure in accordance with the application require 
ment. Collectively the displacement provided by the trans 
ducer is achieved from the sum total of the Nactuators that are 
not locked at any particular interval (Super position). 
0202 The transducer construction is typically fully scal 
able in the number of actuators per transducer, the size of each 
actuator, and the length of stroke of each actuator, and the 
number of addressable actuator groups. In certain embodi 
ments, the actuator elements may be constructed by etching 
various shapes into a particular material, or by using layered 
metallic disks that have been coated with a flexible material or 
by using free floating actuator elements. The membrane (flex 
ure) materials may include Silicon, Beryllium Copper, Cop 
per Tungsten alloys, Copper Titanium alloys, stainless Steel 
or any other low fatigue material. The addressable electrodes 
of the Support structure may be grouped in any pattern as to 
attain addressing as appropriate for the transducer applica 
tion. The addressable electrodes may be affixed such that 
contact is created with the membrane actuator or in Such a 
manner that there is no physical contact with the membrane. 
The Substrate material may be of any insulating material Such 
as FR4, silicon, silicon dioxide, ceramic or any variety of 
plastics. In some embodiments the material may contain fer 
rite particles. The number of serpentine shapes etched into the 
membrane, or floating actuator elements may vary and the 
corresponding channels of the Support structure may be 
round, square or any other shape. The electromagnetic field 
may be created by winding a coil around the entire transducer, 
around sections of the transducer or around each actuator 
element or by placing one or more coils placed next to one or 
more actuator elements. 

0203. In certain embodiments a direct digital method is 
used to produce Sound using an array of micro-speakers. 
Digital Sound reconstruction typically involves the Summa 
tion of discrete acoustic pulses of pressure to produce sound 
waves. These pulses may be based on a digital signal coming 
from audio electronics or digital media in which each signal 
bit controls a group of micro-speakers. 
0204. In one suitable embodiment of the current invention, 
the n' bit of the incoming digital signal controls 2" micro 
speakers in the array, where the most significant bit (MSB) 
controls about half of the micro-speakers and the least sig 
nificant bit (LSB) controls at least a single micro-speaker. 
When the signal for a particular bit is high, all of the speakers 
in the group assigned to the bit are typically activated for that 
sample interval. The number of speakers in the array and the 
pulse frequency determine the resolution of the resulting 
Sound-wave. In a typical embodiment, the pulse frequency 
may be the Source-sampling rate. Through the post applica 
tion of an acoustic low-pass filter from the human ear or other 
Source, the listener typically hears an acoustically Smoother 
signal identical to the original analog waveform represented 
by the digital signal. 
0205 According to the sound reconstruction method 
described herein, the generated Sound pressure is propor 
tional to the number of operating speakers. Different frequen 
cies are produced by varying the number of speaker pulses 
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over time. Unlike analog speakers, individual micro-speakers 
typically operate in a non-linear region to maximize dynamic 
range while still being able to produce low frequency sounds. 
The netlinearity of the array typically results from linearity of 
the acoustic wave equation and uniformity between indi 
vidual speakers. The total number of non-linear components 
in the generated Sound wave is typically inversely related to 
the number of micro-speakers in the device. 
0206. In certain embodiments a digital transducer array is 
employed to implement true, direct digital Sound reconstruc 
tion. The produced sound's dynamic range is proportional to 
the number of micro-speakers in the array. The maximal 
Sound pressure is proportional to the stroke of each micro 
speaker. It is therefore desirable to generate long stroke trans 
ducers and to use as many as possible. Several digital trans 
ducer array devices have been developed over the years. One 
worth mentioning is a CMOS-MEMS micro-speaker devel 
oped at Carnegie Mellon University. Using CMOS fabrica 
tion process, they designed an 8-bit digital speaker chip with 
255 Square micro-speakers, each micro-speaker 216 um on a 
side. The membrane is composed of a serpentine Al—SiO2 
mesh coated with polymer and can be electrostatically actu 
ated by applying a varying electrical potential between the 
CMOS metal stack and silicon substrate. The resulting out of 
plane motion is the source of pressure waves that produce 
sound. Each membrane has a stroke of about 10 um. Such 
short strokes are insufficient and the generated Sound levels 
are too soft for a loudspeaker. Another issue is that the device 
requires a driving voltage of 40V. Such voltage requires com 
plex and expensive Switching electronics. Suitable embodi 
ments of the device described herein overcome some or all of 
these limitations and generate much louder Sound levels 
while eliminating the need for high Switching Voltages. 
0207. It is believed that the shape of each transducer has no 
significant effect on the acoustic performance of the speaker. 
Transducers may be packed in square, triangle or hexagonal 
grids, interalia. 
0208. The current invention typically makes use of a com 
bination of magnetic and electrostatic forces to allow Suffi 
ciently long stroke while avoiding the problems associated 
with traditional magnetic or electrostatic actuators. 
0209. The moving elements of the transducer array are 
typically made to conduct electricity and may be magnetized 
so that the magnetic poles are perpendicular to the transducer 
array Surface. Moderate conduction is sufficient. A coil Sur 
rounds the entire transducer array or is placed next to each 
element and generates the actuation force. Applying alternat 
ing current or alternating current pulses to the coil creates an 
alternating magnetic field gradient that forces all the moving 
elements to move up and down at the same frequency as the 
alternating current. To control each moving element, two 
electrodes may be employed, one above and one below the 
moving elements. 
The current applied to the coil typically drives the moving 
elements into close proximity with the top and bottom elec 
trode in turn. A small electrostatic charge is applied to the 
moving elements. Applying an opposite charge to one of the 
electrodes generates an attracting force between the moving 
element and the electrode. When the moving element is very 
close to the electrode, the attracting force typically becomes 
larger than the force generated by the coil magnetic field and 
the retracting spring and the moving element is latched to the 
electrode. Removing the charge or some of it from the elec 
trode typically allows the moving element to move along with 

May 14, 2015 

all the other moving elements, under the influence of the coil 
magnetic field and the flexures. 
In accordance with certain embodiments, the actuator array 
may be manufactured from 5 plates or layers: 

0210 Top electrode layer 
0211 Top spacers (together shown as layer 402) 
0212 Moving elements 403 
0213 Bottom spacers 
0214 Bottom electrode layer (together shown as layer 
404) 

0215. In accordance with certain embodiments, the array 
is surrounded by a large coil 401. The diameter of this coil is 
typically much larger than that of traditional coils used in 
prior art magnetic actuators. The coil can be manufactured 
using conventional production methods. 
0216. In certain embodiments the moving element is made 
of a conductive and magnetic material. Moderate electrical 
conduction is typically sufficient. The moving element may 
be manufactured using many types of materials, including but 
not limited to rubber, silicon, or metals and their alloys. If the 
material cannot be magnetized or a stronger magnet is 
desired, a magnet may be attached to it or it may be coated 
with magnetic material. This coating is typically done by 
application, using a screen printing process or other tech 
niques known in the art, by epoxy or another resin loaded with 
magnetic powder. In some embodiments, screen printing can 
be performed using a resin mask created through a photo 
lithographic process. This layer is typically removed after 
curing the resin/magnetic powder matrix. In certain embodi 
ments the epoxy or resin is cured while the device is subjected 
to a strong magnetic field, orienting the powder particles in 
the resin matrix to the desired direction. The geometry of the 
moving elements can vary. In yet other embodiments, part of 
the moving elements may be coated with the magnet and 
cured with a magnetic field oriented in one direction while the 
rest are coated later and cured in an opposite magnetic field 
causing the elements to move in opposite directions under the 
same external magnetic field. In one Suitable embodiment, 
the moving element comprises a plate that has a serpentine 
shape Surrounding it, typically cut out from thin foil. Alter 
natively, in certain embodiments it is possible to use a thick 
material thinned only in the flexure area or by bonding rela 
tively thick plates to a thin layer patterned as flexures. This 
shape allows part of the foil to move while the serpentine 
shape serves as a compliant flexure. In certain other embodi 
ments, the moving part is a cylinder or a sphere, free to move 
about between the top and bottom electrodes. 
0217 Referring again to FIGS. 14 and 15, in certain 
embodiments a coil 304 wrapped around the entire transducer 
array generates an electromagnetic field across the entire 
array structure, so that when current is applied, the electro 
magnetic field causes the pistons 302 to move up and down. 
FIG. 15 shows an exploded view of the device constructed 
and operative in accordance with certain embodiments of the 
invention. As shown, the exploded view of a transducer array 
structure reveals that it typically comprises the following: 
0218 (a) A coil surrounding the entire transducer array 
401 generates an electromagnetic field across the entire array 
structure when voltage is applied to it. One possible embodi 
ment for the coil is described herein with reference to FIGS. 
18B-18D. 

0219 (b) In certain embodiments a top layer construction 
402 may comprise a spacer layer and electrode layer. In a 
certain embodiment this layer may comprise a printed circuit 
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board (herein after “PCB) layer with an array of accurately 
spaced cavities each typically having an electrode ring affixed 
at the top of each cavity. 
0220 (c) The moving elements (“pistons') 403 in the cur 
rent embodiment may be comprised of a thin foil of conduc 
tive magnetized material cut or etched with many very accu 
rate plates typically surrounded by “serpentine' shapes that 
serve as compliant flexures that impart the foils with a specific 
measure of freedom of movement. 
0221 (d) Abottom layer construction 404 may comprise a 
spacer layer and electrode layer. In a certain embodiment this 
layer may comprise a dielectric layer with an array of accu 
rately spaced cavities each typically having an electrode ring 
affixed at the bottom of each cavity. 
0222 Reference is again made to FIGS. 17A-17B. FIG. 
17A shows a block diagram of the speaker system in accor 
dance with certain embodiments of the present invention. In 
certain embodiments the digital input signal (common proto 
cols are I2S, I2C or SPDIF) 801 enters into a logic processor 
802 which in turn translates the signal to define the latching 
mechanism of each grouping of moving elements. Group 
addressing is typically separated into two primary groups, 
one for latching the moving elements at the top, and one for 
latching the moving elements at the bottom of their strokes. 
Each group is typically then further separated into logical 
addressing groups typically starting with a group of at least 
one moving element, followed by another group that doubles 
the moving elements of the previous group, followed by a 
another group which again doubles the number of elements of 
the previous, and so on, until all moving elements of the entire 
array have been grouped. The Nth group comprises 2'' 
moving elements. 
0223) In the embodiment depicted in the block diagram of 
FIG. 17A, the top group of one element group 803, a two 
element group 804 and then a four element group 805 are 
shown and so on, until the total numbers of moving elements 
in the transducer array assembly have been addressed to 
receive a control signal from the processor 802. 
0224. The same grouping patternis typically replicated for 
the bottom latching mechanisms where a one element group 
807 may be followed by a two element group 808 and then a 
four element group 809 and so on, until the total numbers of 
moving elements in the transducer array assembly have been 
addressed to receive a control signal from the processor 802. 
0225. The processor 802 may also control an alternating 
current flow to the coil that surrounds the entire transducer 
array 812, thus creating and controlling the magnetic field 
across the entire array. In certain embodiments a power 
amplifier811 may be used to boost current to the coil. 
0226 FIG. 17B illustrates a flow diagram of the speaker 
system. In certain embodiments where the sampling rate of 
the digital input signal 813 might be different from the device 
natural sampling rate, the resampling module 814 may re 
sample the signal, so that it matches the device's sampling 
rate. Otherwise, the resampling module 814 passes the signal 
through as unmodified. 
The scaling module 815 typically adds a bias level to the 
signal and scales it, assuming the incoming signal 813 reso 
lution is Mbits per sample, and the sample values X range 
between -2(f) and 2-1. 
0227. It is also assumed that in certain embodiments the 
speaker array has N element groups (numbered 1 . . . N), as 
described in FIG. 17A. 
K is defined to be: K=N-M 
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0228 Typically, if the input resolution is higher than the 
number of groups in the speaker (MDN), K is negative and the 
input signal is scaled down. If the input resolution is lower 
than the number of groups in the speaker (M-N), Kispositive 
and the input signal is scaled up. If they are equal, the input 
signal is not scaled, only biased. The output Y of the scaling 
module 815 may be:Y=2^(X+2''. The outputY is rounded 
to the nearest integer. The value ofY now ranges between 0 
and 2N-1. 

0229. The bits comprising the binary value of Y are 
inspected. Each bit controls a different group of moving ele 
ments. The least significant bit (bit1) controls the smallest 
group (group 1). The next bit (bit2) controls a group twice as 
big (group 2). The next bit (bit3) controls a group twice as big 
as group 2 etc. The most significant bit (bitN) controls the 
largest group (group N). The states of all the bits comprising 
Y are typically inspected simultaneously by blocks 816, 823, 
. . . 824. 

0230. The bits are handled in a similar manner. Following 
is a suitable method for inspecting bit1: 
Block 816 checks bit1 (least significant bit) of Y. If it is high, 
it is compared to its previous state 817. If bit1 was high 
previously, there is no need to change the position of the 
moving elements in group 1. If it was low before this, the 
processor waits for the magnetic field to point upwards, as 
indicated by reference numeral 818 and then, as indicated by 
reference numeral 819, the processor typically releases the 
bottom latching mechanism B1, while engaging the top latch 
ing mechanism T1, allowing the moving elements in group 1 
to move from the bottom to the top of the device. 
If block 816 determines that bit1 ofY is low, it is compared to 
its previous state 820. If bit1 was low previously, there is no 
need to change the position of the moving elements in group 
1. If its previous state was high, the processor waits for the 
magnetic field to point downwards, as indicated by reference 
numeral 821 and then, as indicated by reference numeral 822, 
the processor releases the top latching mechanism T1 while 
engaging the top latching mechanism B1, allowing the mov 
ing elements in group 1 to move from the top to the bottom of 
the device. 
0231 Referring again to FIG. 18A, typical relationships 
between the different major forces applied to moving ele 
ments are shown. The different forces being applied to the 
moving elements typically work in harmony to counterbal 
ance each other in order to achieve the desired function. 
Forces toward the center are shown as negative forces, while 
forces driving the element further away from the center (ei 
ther toward the up or down latching mechanisms) are shown 
as positive forces. 
0232. In the present embodiment the moving element is 
influenced by 3 major forces: 
a. Magnetic force, created by the interaction of the magnetic 
field and the hard magnet. The direction of this force depends 
on the polarity of the moving element magnet, the direction of 
the magnetic field and the magnetic field gradient. 
b. Electrostatic force, typically created by applying a certain 
charge to the electrode and an opposite charge to the moving 
element. The direction of this force is such as to attract the 
moving element to the electrode (defined as positive in this 
figure). This force increases significantly when the distance 
between the moving element and the electrode becomes very 
Small, and/or where this gap comprises material with a high 
dielectric constant. 
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c. Retracting force created by the flexures, (which act as 
springs). The direction of this force is always towards the 
center of the device (defined as negative in this figure). This 
force is relatively small since the flexures are compliant, and 
is linear in nature. 
0233. The relationship between the forces shows that typi 
cally, as the moving element increasingly nears the end of its 
stroke, the electrostatic force (generated by the latching 
mechanism) increases, ultimately achieving Sufficient force 
to attract and latch the moving element. When the latch is 
released, the retracting and magnetic forces are typically able 
to pull the moving element away from the latch toward the 
center, thereby inducing travel of the moving element. As the 
moving element travels to the center, typically, the retracting 
force of the flexure diminishes and ultimately is overcome, 
and is then controlled by the electromagnetic force and the 
kinetic energy of the moving element. 
0234 FIG. 19 shows an apparatus including a plurality 
(array) of devices. The structure shows the use of plurality in 
certain embodiments of array transducers 1902 as to create a 
device 1901 capable of generating louder sound pressure 
levels or use beam-forming techniques (which extend beyond 
the scope of this invention) to create directional Sound waves. 
0235. The array may have any desired shape, and the 
round shapes in the description are only for illustrative pur 
poses. 

0236. The device constructed and operative in accordance 
with one embodiment of the present invention and described 
above with reference to FIGS. 14, 15, 17A-17B, and 19 inter 
alia, is now described both more generally, e.g. with reference 
to FIG. 13, and in further detail. Alternative embodiments are 
also described. Referring now to FIG. 13 which is a simplified 
functional block diagram illustration of actuator apparatus for 
generating a physical effect, it is appreciated that at least one 
attribute of the physical effect corresponds to at least one 
characteristic of a digital input signal sampled periodically in 
accordance with a clock. According to certain embodiments 
of the present invention, the apparatus of FIG. 13 comprises at 
least one actuator device, each actuating device including an 
array 10 of moving elements each typically constrained to 
travel alternately back and forth along a respective axis in 
response to an alternating electromagnetic force applied to 
the array 10 of moving elements. Each moving element is 
constructed and operative to be responsive to electromagnetic 
force. Each moving element may therefore comprise a con 
ductor, may be formed of a ferro magnetic material, may 
comprise a permanent magnet and may comprise a current 
bearing coil. 
0237. A latch 20 is operative to selectively latch at least 
one Subset of the moving elements 10 in at least one latching 
position thereby to prevent the individual moving elements 
10 from responding to the electromagnetic force. An electro 
magnetic field controller 30 is operative to receive the clock 
and, accordingly, to control application of the electromag 
netic force by a magnetic field generator, 40, to the array of 
moving elements. A latch controller 50 is operative to receive 
the digital input signal and to control the latch accordingly. 
The latch controller 50, in at least one mode of latch control 
operation, is operative to set the number of moving elements 
10 which oscillate freely responsive to the electromagnetic 
force applied by the magnetic field generator, e.g. coil 40 to be 
Substantially proportional to the intensity of the sound, coded 
into the digital input signal it receives. Preferably, when the 
intensity of Sound coded into the digital input signal is at a 
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positive local maximum, all moving elements are latched into 
a first extreme position. When the intensity of sound coded 
into the digital input signal is at a negative local maximum, all 
moving elements are latched into a second, opposing, 
extreme position. 
0238 Preferably, a physical effect, e.g. sound, resembling 
the input signal is achieved by matching the number of mov 
ing elements in an extreme position e.g. a top position as 
described herein, to the digital sample value, typically after 
resampling and scaling as described in detail below. For 
example, if the digital sample value is currently 10, 10 mov 
ing elements termed herein ME1, ... ME 10 may be in their 
top positions. If the digital sample value then changes to 13, 
three additional moving elements termed herein ME11, 
ME 12 and ME 13 may be raised to their top position to reflect 
this. If the next sample value is still 13, no moving elements 
need be put into motion to reflect this. If the digital sample 
value then changes to 16, 3 different moving elements (since 
ME 11, ME 12 and ME 13 are already in their top positions), 
termed herein M14, M15 and M16, may be raised to their top 
positions to reflect this. 
0239. In some embodiments, as described in detail below, 
moving elements are constructed and operative to be operated 
collectively in groups, such as a set of groups whose number 
of moving elements are all sequential powers of two. Such as 
31 moving elements constructed to be operated in groups 
having 1, 2, 4, 8, 16 moving elements, respectively, each. In 
this case, and using the above example, when the sample 
value is, say, 10, the two groups including 8 and 2 moving 
elements respectively are both, say, up i.e. all moving ele 
ments in them are in their top positions. When the sample 
value changes to 13, however, it is typically impractical to 
directly shift 3 moving elements from their bottom positions 
to their top positions since in this example, due to the binary 
grouping, this can only be done by raising the two groups 
including 1 and 2 moving elements respectively, however, the 
group including 2 moving elements, is already raised. But the 
number oftop pixels may be otherwise matched to the sample 
value, 13: Since 13-8+4+1, the two groups including 4 and 1 
pixels may be raised, and the group including 2 pixels may be 
lowered, generating a net pressure change of +3, thereby to 
generate a sound resembling the input signal as desired, typi 
cally after resampling and Scaling. 
0240 More generally, moving elements translated toward 
a first extreme position Such as upward generate pressure in a 
first direction termed herein positive pressure. Moving ele 
ments translated toward the opposite extreme position Such as 
downward generate pressure in the opposite direction termed 
herein negative pressure. A certain amount of positive or 
negative pressure may be obtained either by translating the 
appropriate number of moving elements in the corresponding 
direction, or by translating in moving elements in the corre 
sponding direction and others, m in number, in the opposite 
direction, such that the difference n-m corresponds to e.g. 
equals the sampled signal value, typically after resampling 
and Scaling. 
0241 The moving elements are typically formed of a 
material which is at least moderately electrically conductive 
Such as silicon or silicon coated by a metal Such as gold. 
0242. If the moving elements comprise permanent mag 
nets, the permanent magnets are typically magnetized during 
production Such that the magnetic poles are co-linear to the 
desired axes of motion. A coil that typically surrounds the 
entire transducer array generates the actuation force. To con 



US 2015/O 131840 A1 

trol each moving element, two latch elements (typically com 
prising electro static latches or “electrodes') are typically 
used, e.g. one above and one below the moving elements. 
0243 According to one embodiment, the actuator is a 
speaker and the array of moving elements 10 is disposed 
within a fluid medium. The controllers 30 and 50 are then 
operative to define at least one attribute of the sound to cor 
respond to at least one characteristic of the digital input sig 
nal. The sound has at least one wavelength thereby to define 
a shortest wavelength present in the sound and each moving 
element 10 typically defines a cross section which is perpen 
dicular to the moving element's axis and which defines a 
largest dimension thereof, the largest dimension of each 
cross-section typically being Small relative to, e.g. an order of 
magnitude Smaller than, the shortest wavelength. 
0244 Referring again to FIGS. 14-15. FIG. 14 is an iso 
metric view of a skewed array of moving elements 10 each 
constrained to travel alternately back and forth along a 
respective axis in response to an alternating electromagnetic 
force applied to the array of moving elements 10 e.g. by a coil 
40 wrapped around the array as shown. FIG.15 is an exploded 
view of a layered actuator device including an array of mov 
ing elements 403 each constrained to travel alternately back 
and forth along a respective axis in response to an alternating 
electromagnetic force applied to the array of moving ele 
ments 403 by a coil 401, and a latch, formed as at least one 
layer, operative to selectively latch at least one subset of the 
moving elements 403 in at least one latching position thereby 
to prevent the individual moving elements 403 from respond 
ing to the electromagnetic force. Typically, the electromag 
netic force is generated using a coil 401 that Surrounds the 
array 403 as shown. 
0245. The latch typically comprises a pair of layers: a top 
latch layer 402 and bottom latch layer 404 which, when 
charged, and when the moving elements are in an appropriate 
electromagnetic field as described herein, latch the moving 
elements into top and bottom extreme positions respectively. 
Each of the latch layers 402 and 404 typically comprises an 
electrode layer and spacer layer. The spacer layers 402 and 
404 may generally be formed from any suitable dielectric 
material. Optionally, ferrite or ferro-magnetic particles may 
be added to the dielectric material to decrease undesirable 
interaction between the magnets in the magnet layer. 
0246 FIG. 16 is a simplified flowchart illustration of a 
Suitable actuation method operative in accordance with cer 
tain embodiments of the present invention. In FIG. 16, a 
physical effect is generated, at least one attribute of which 
corresponds to at least one characteristic of a digital input 
signal sampled periodically in accordance with a system 
clock signal. As shown, the method typically comprises (step 
450) providing at least one array of moving elements 10 each 
constrained to travel alternately back and forth along an axis 
in response to an alternating electromagnetic force applied to 
the array of moving elements 10 e.g. by magnetic field gen 
erator 40. In step 460, at least one subset of the moving 
elements 10 is selectively latched in at least one latching 
position by a latch 20 thereby to prevent the individual mov 
ing elements 10 from responding to the electromagnetic force 
applied by magnetic field generator 40. In step 470, the sys 
tem clock signal is received and, accordingly, application of 
the electromagnetic force to the array of moving elements is 
controlled. In step 480, the digital input signal is received, and 
the latching step 460 is controlled accordingly. Typically, as 
described above, the latch 20 comprises a pair of layers, each 

20 
May 14, 2015 

layer comprising an array of electrostatic latch elements and 
at least one space maintainer layer separates the electrostatic 
latch layers and is formed of an insulating material. Typically, 
the latch and at least one space maintainer are manufactured 
using PCB production technology (FIG. 16, step 450). The 
array of moving elements typically comprises a magnetic 
layer 403 sandwiched between a pair of electrode layers 
spaced from the magnetic layer by a pair of dielectric spacer 
layers. Typically, at least one of the layers is manufactured 
using wafer bonding technology, layer laminating technol 
ogy, and/or PCB production technology and/or combination 
of these technologies (FIG. 16, step 455). 
0247 Referring again to FIGS. 17A-17B, FIG. 17A is a 
control diagram illustrating control of latch 20 by latch con 
troller 50 of FIG. 13 and of the typically coil-induced elec 
tromagnetic force, by controller 30 of FIG. 13, for a particular 
example in which the moving elements 10 are arranged in 
groups G1, G2, ... GN that can each, selectably, be actuated 
collectively, wherein each latch in the latching layer is typi 
cally associated with a permanent magnet, and wherein the 
poles of all of the permanent magnets in the latching layer are 
all identically disposed. The latch typically comprises, for 
each group or each moving element in each group, a top latch 
and a bottom latch. The top and bottom latches for group Gk 
(k=1,...N) are termed Tk and Bk respectively. In FIG. 17A 
the two controllers are both implemented in processor 802. 
0248 FIG. 17B is a flowchart illustrating a suitable 
method whereby latching controller 50 of FIG. 13 may pro 
cess an incoming input signal 801 and control latches 20 of 
moving elements 10 accordingly, in groups. The abbreviation 
“EM' indicates electromagnetic force applied upward or 
downward, depending on the direction of the associated 
arrow, to a relevant group of moving elements. In the embodi 
ment illustrated in FIG. 17B, if at time t, the LSB of the 
re-scaled PCM signal is 1 (step 816), this indicates that the 
speaker elements in group G1 may be in the selected end 
position. If (step 817) group G1 is already in the selected 
end-position, no further action is required, however if the 
group G1 is not yet in the selected end-position, the latching 
controller 50 waits (step 818) for the electromagnetic field to 
be upward and then (step 819) releases the bottom latches in 
set B1 and engages the top latches in set T1. This is also the 
case, mutatis mutandis, for all other groups G2. . . . GN. 
0249. In FIG. 17B, the notation Tk or Bk followed by an 
upward pointing or downward pointing arrow indicates latch 
ing or releasing (upward or downward arrow respectively) of 
the top or bottom (Tor B respectively) latch of the kth group 
of moving elements. 
0250 FIG. 17C is a simplified functional block diagram 
illustration of a processor, such as the processor 802 of FIG. 
17A, which is useful in controlling substantially any of the 
actuator devices with electro-static latch mechanisms shown 
and described herein. A single processor, in the embodiment 
of FIG. 17C, implements both electromagnetic field control 
ler 30 and latch controller 50. The electromagnetic field con 
troller 30 typically receives the system clock 805 which is 
typically a square wave and generates a sine wave with the 
same frequency and phase, providing this to the coil 40 as an 
actuating signal. The DSP 810 may for example comprise a 
Suitably programmed TI 6000 digital signal processor com 
mercially available from Texas Instruments. The program for 
the DSP 810 may reside in a suitable memory chip 820 such 
as a flash memory. The latch controller 50, in at least one 
mode of latch control operation, is operative to set the number 
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of moving elements which oscillate freely responsive to the 
electromagnetic force applied by the coil 40 to be substan 
tially proportional to the intensity sound coded in the digital 
input signal. 
The electromagnetic field controller 30 typically controls an 
alternating current flow to the coil 40 that typically surrounds 
the entire array of moving elements 10, thus creating and 
controlling the magnetic field across the entire array. In cer 
tain embodiments a power amplifier811 may be used to boost 
current to the coil 40. The electromagnetic field controller 30 
typically generates an alternating electromagnetic force 
whose alternation is synchronous with the system clock 805. 
0251. The latch controller 50 is operative to receive the 
digital input signal 801 and to control the latching mechanism 
20 accordingly. Typically, each individual moving element 10 
performs at most one transition perclocki.e. during one given 
clock, each moving element may move from its bottom posi 
tion to its top position, or move from its top position to its 
bottom position, or remain at one of either of those two 
positions. According to certain embodiments of the present 
invention, retention of moving elements 10 in their appropri 
ate end positions is affected by the latching controller 50. 
0252 Preferably, the latching controller 50 operates on the 
moving elements in groups, termed herein “controlled 
groups'. All moving elements in any given group of moving 
elements are selectably either latched into their top positions, 
or into their bottom positions, or are unlatched. Preferably, 
the “controlled groups' form a sequence G1, G2, ... and the 
number of speaker elements in each controlled group Gk is an 
integer, Such as 2, to the power of (k-1), thereby allowing any 
desired number of speaker elements to be operated upon 
(latched upward, downward or not at all) since any given 
number can be expressed as a Sum of powers of, for example, 
two or ten or another suitable integer. If the total number of 
speaker elements is selected to be one less than an integral 
power (N) of 2 such as 2047, it is possible to partition the total 
population of speaker elements into an integral number of 
controlled groups namely N. For example, if there are 2047 
speaker elements, the number of controlled groups in the 
sequence G1, G2, ... is 11. 
0253) In this embodiment, since any individual value of 
the re-scaled PCM signal can be represented as a sum of 
integral powers of 2, a suitable number of speaker elements 
can always be placed in the selected end-position by collec 
tively bringing all members of suitable controlled groups into 
that end-position. For example, if at time t the value of the 
re-scaled PCM signal is 100, then since 100-64+32+4. 
groups G3, G6 and G7 together include exactly 100 speaker 
elements and therefore, at the time t, all members of these 
three groups are collectively brought to the selected end posi 
tion such as the “up' or “top” position and, at the same time, 
all members of all groups other than these three groups are 
collectively brought to the un-selected end position Such as 
the “down” or “bottom' position. It is appreciated that each 
moving element has bottom and top latches, each typically 
generated by selectively applying Suitable local electrostatic 
forces, associated therewith to latch it into its "down' and 
“up' positions respectively. The set of bottom and top latches 
of the speaker elements in group Gk are termed Bk and Tk 
latches respectively. 
0254 FIG. 17D is a simplified flowchart illustration of a 
suitable method for initializing the apparatus of FIGS. 
13-17C. According to the method of FIG. 17D, the array of 
moving elements 10 is put into initial motion including bring 
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ing each moving element 10 in the array of moving elements 
into at least one latching position. As described herein, both 
top and bottom latching positions are typically provided for 
each moving element 10 in which case the step of bringing 
each moving element in the array into at least one latching 
position typically comprises bringing a first Subset of the 
moving elements in the array into their top latching positions 
and a second Subset, comprising all remaining elements in the 
array, into their bottom latching positions. The first and sec 
ond subsets are preferably selected such that when the mov 
ing elements in the first and second Subsets are in their top and 
bottom latching positions respectively, the total pressure pro 
duced by fluid Such as air displaced by the moving elements 
10 in the first Subset is equal in magnitude and opposite in 
direction to the total pressure produced by fluid such as air 
displaced by the moving elements in the second Subset. 
0255. The moving elements 10 typically bear a charge 
having a predetermined polarity and each of the moving ele 
ments defines an individual natural resonance frequency 
which tends to differ slightly from that of other moving ele 
ments due to production tolerances, thereby to define a natu 
ral resonance frequency range. Such as 42-46 KHZ, for the 
array of moving elements. As described herein, typically, first 
and second electrostatic latching elements are provided 
which are operative to latch the moving elements 10 into the 
top and bottom latching positions respectively and the step of 
putting the array of moving elements into motion comprises 
(FIG. 17D): 
0256 Step 850: Charge the first (top or bottom) electro 
static latch of each moving element included in the first subset 
with a polarity opposite to the pole, on the moving element, 
facing that latch. The first and second Subsets may each com 
prise 50% of the total number of moving elements. 
(0257 Step 855: Charge the second (bottom or top) elec 
trostatic latch of each moving element included in the second 
Subset with a polarity opposite to the pole, on the moving 
element, facing that latch. 
0258 Step 860: As described above, the moving elements 
are designed to have a certain natural resonance frequency, f. 
Design tools may include computer aided modeling tools 
such as finite elements analysis (FEA) software. In step 860, 
f, the frequency of the system clock, which determines the 
timing of the alternation of the electromagnetic field in which 
the moving elements are disposed, is set to the natural reso 
nance frequency of the moving element in the array which has 
the lowest natural resonance frequency, referred to as f, and 
typically determined experimentally or by computer-aided 
modeling. 
(0259 Steps 865-870: The system clock frequency may 
then be monotonically increased, from an initial value off, 
to Subsequent frequency values separated by Alf until the 
system clock frequency has reached the natural resonance 
frequency of the moving element in the array which has the 
highest natural resonance frequency, referred to as f and 
typically determined experimentally or by computer-aided 
modeling. It is appreciated however that alternatively the 
system clock frequency might be monotonically decreased, 
from f. to f, or might be varied non-monotonically. 
0260. It is appreciated that when a moving element 10 is 
excited at its natural resonance frequency, f, the moving 
element increases its amplitude with every cycle, until reach 
ing a certain maximal amplitude termed hereinafter A. 
Typically, the duration. At required for the moving element to 
reach A is recorded during set-up and the magnetic force 
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applied during the initialization sequence is selected to be 
Such that A is twice as large as the gap the moving element 
needs to travel from its idle state to either the top or bottom 
latch. 

0261 The Q factor or quality factor is a known factor 
which compares the time constant for decay of an oscillating 
physical system's amplitude to its oscillation period. Equiva 
lently, it compares the frequency at which a system oscillates 
to the rate at which it dissipates its energy. A higher Q indi 
cates a lower rate of energy dissipation relative to the oscil 
lation frequency. Preferably, the Q factor of the moving ele 
ments is determined either computationally or 
experimentally. The Q factor as determined describes how far 
removed the frequency f needs to be from f. (two possible 
values, one below f. and one above f.) before the amplitude 
drops to 50% of A. The difference between the two pos 
sible values is Af. 
0262. As a result of the above steps, a sequence of elec 
tromagnetic forces of alternating polarities is now applied to 
the array of moving elements. The time interval between 
consecutive applications of force of the same polarity varies 
over time due to changes induced in the system clock, thereby 
to define a changing frequency level for the sequence. This 
results in an increase, at any time t, of the amplitude of 
oscillation of all moving elements whose individual natural 
resonance frequency is Sufficiently similar to the frequency 
level at time t. The frequency level varies sufficiently slowly 
(i.e. only after a suitable interval At, which may or may not be 
equal in all iterations) to enable the set S, of all moving 
elements whose natural resonance frequency is similar to the 
current frequency level, to be latched before the electromag 
netic field alternation frequency level becomes so dissimilar 
to their natural resonance frequency as to cease increasing the 
amplitude of oscillation of the set S of moving elements. The 
extent of variation of the frequency level corresponds to the 
natural resonance frequency range. Typically, at the end of the 
initiation sequence (step 872), the system clock f is set to 
the predefined system frequency, typically being the average 
or median natural resonance frequency of the moving ele 
ments in the array, i.e. 44 KHZ. 
0263. One method for determining the range of the natural 
resonance frequencies of the moving elements is to examine 
the array of moving elements using a vibrometer and excite 
the array at different frequencies. 
0264. Referring again to FIGS. 18A-18D, FIG. 18A is a 
graph Summarizing the various forces brought to bear on 
moving elements 10 in accordance with certain embodiments 
of the present invention. FIG. 18B is a simplified pictorial 
illustration of a magnetic field gradient inducing layer con 
structed and operative in accordance with certain embodi 
ments of the present invention and comprising at least one 
winding conductive element 2600 embedded in a dielectric 
substrate 2605 and typically configured to wind between an 
array of channels 2610. Typically, there are no channels 2610 
along the perimeter of the conductive layer of FIG. 18B so 
that the gradient induced within channels adjacent the perim 
eter is Substantially the same as the gradient induced in chan 
nels adjacent the center of the conductive layer. 
0265. If the layer of FIG. 18B is separate from the spacer 
layers described above, then the channels in the layer of FIG. 
18B are disposed opposite and as a continuation of the chan 
nels in the spacer layers described in detail above. The cross 
sectional dimensions, e.g. diameters, of channels 2610 may 
be different than the diameters of the channels in the spacer 
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layer. Alternatively, the layer of FIG. 18B may serve both as 
a spacer layer and as a magnetic field inducing layer in which 
case the channels 2610 of FIG. 18B are exactly the spacer 
layer channels described hereinabove. It is appreciated that, 
for simplicity, the electrodes forming part of the spacer layer 
are not shown in FIG. 18B. 
0266 FIGS. 18C and 18D illustrate the magnetic field 
gradient induction function of the conductive layer of FIG. 
18B. In FIG. 18C, the current flowing through the winding 
element 2600 is indicated by arrows 2620. The direction of 
the resulting magnetic field is indicated by X's 2630 and 
encircled dots 2640 in FIG. 18C, indicating locations at 
which the resulting magnetic field points into and out of the 
page, respectively. 
0267 Referring again to FIG. 19, an isometric array of 
actuators Supported within a Support frame provide an active 
area which is the sum of the active areas of the individual 
actuator arrays. In other words, in FIG. 19, instead of a single 
one actuating device, a plurality of actuating devices is pro 
vided. The devices need not be identical and can each have 
different characteristics such as but not limited to different 
clock frequencies, different actuator element sizes and differ 
ent displacements. The devices may or may not share com 
ponents such as but not limited to coils 40 and/or magnetic 
field controllers 30 and/or latch controller 50. 
0268. The term “active area” refers to the sum of cross 
sectional areas of all actuator elements in each array. It is 
appreciated that generally, the range of sound Volume (or, for 
a general actuator other thana speaker, the gain) which can be 
produced by a speaker constructed and operative in accor 
dance with certain embodiments of the present invention is 
often limited by the active area. Furthermore, the resolution 
of sound volume which can be produced is proportional to the 
number of actuator elements provided, which again is often 
limited by the active area. Typically, there is a practical limit 
to the size of each actuator array e.g. if each actuator array 
resides on a wafer. 
If the speaker is to serve as a headphone, only a relatively 
Small range of sound Volume need be provided. Home speak 
ers typically require an intermediate sound Volume range 
whereas public address speakers typically have a large Sound 
Volume range, e.g. their maximal Volume may be 120 dB. 
Speaker applications also differ in the amount of physical 
space available for the speaker. Finally, the resolution of 
Sound Volume for a particular application is determined by the 
desired sound quality. e.g. cellphones typically do not require 
high Sound quality, however space is limited. 
0269. According to certain embodiments of the present 
invention, layers of magnets on the moving elements may be 
magnetized so as to be polarized in directions other than the 
direction of movement of the element to achieve a maximum 
force along the electromagnetic field gradient aligned with 
the desired element moving direction. 
0270. A particular feature of certain embodiments of the 
present invention is that the stroke of motion performed by the 
moving elements is relatively long because the field applied 
thereto is magnetic hence decays at a rate which is inversely 
proportional to the distance between the moving elements 
and the current producing the magnetic field. In contrast, an 
electrostatic field decays at a rate which is inversely propor 
tional to the square of the distance between the moving ele 
ments and the electric charge producing the electrostatic field. 
As a result of the long stroke achieved by the moving ele 
ments, the velocity achieved thereby is increased hence the 
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loudness that can be achieved increases because the air pres 
Sure generated by the high Velocity motion of the moving 
elements is increased. 
0271. It is appreciated that the embodiments specifically 
illustrated herein are not intended to be limiting e.g. in the 
sense that the moving elements need not all be the same size, 
the groups of moving elements, or individual moving ele 
ments if actuated individually, need not operate at the same 
resonance nor with the same clock, and the moving elements 
need not have the same amplitude of displacement. 
0272. The speaker devices shown and described herein are 
typically operative to generate a Sound whose intensity cor 
responds to intensity values coded into an input digital signal. 
Any suitable protocol may be employed to generate the input 
digital signal such as but not limited to PCM or PWM 
(SACD) protocols. Alternatively or in addition the device 
may support compressed digital protocols such as ADPCM. 
MP3, AAC, DTS, or AC3 in which case a decoder typically 
converts the compressed signal into an uncompressed form 
Such as PCM. 
0273. Design of digital loudspeakers in accordance with 
any of the embodiments shown and described herein may be 
facilitated by application-specific computer modeling and 
simulations. Loudness computations may be performed con 
ventionally, e.g. using fluid dynamic finite-element computer 
modeling and empiric experimentation. 
0274 Generally, as more speaker elements (moving ele 
ments) are provided, the dynamic range (difference between 
the loudest and softest volumes that can be produced) 
becomes wider, the distortion (the less the sound resembles 
the input signal) becomes Smaller and the frequency range 
becomes wider. On the other hand, if less speaker elements 
are provided, the apparatus is Smaller and less costly. 
0275 Generally, if the moving elements have large diam 
eters, the ratio between active and inactive areas (the fill 
factor) improves, and there is less stress on the flexures if any, 
assuming that the vibration displacement remains the same, 
which translates into longer life expectancy for the equip 
ment. On the other hand, if the moving elements have small 
diameters, more elements are provided per unit area, and due 
to the lesser mass, less power is required to generate the 
desired movement. Generally, if the vibration displacement 
of the moving elements is large, more Volume is produced by 
an array of a given size, whereas if the same quantity is Small, 
there is less stress on the flexures, if any, and the power 
requirements are lower. 
0276 Generally, if the sample rate is high, the highest 
producible frequency is high and the audible noise is reduced. 
On the other hand, if the sample rate is low, accelerations, 
forces, stress on flexures if any and power requirements are 
lower. 

(0277 Reference is now made to FIGS. 20A-20B which is 
are simplified generally self-explanatory functional block 
diagram illustrations of Suitable systems for achieving a 
desired directivity pattern for a desired sound stream using a 
direct digital speaker Such as any of those shown herein in 
FIGS. 13-19 or such as a conventional direct digital speaker 
which may, for example comprise that shown and described 
in U.S. Pat. No. 6,403,995 to David Thomas, assigned to 
Texas Instruments and issued 11 Jun. 2002, or in Diamond 
Brett M., et al., “Digital sound reconstruction using array of 
CMOS-MEMS micro-speakers”, Transducers '03, The 12" 
International Conference on Solid State Sensors, Actuators 
and Microsystems, Boston, Jun. 8-12, 2003. 
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(0278 If the direct digital speaker of FIG. 13 is used to 
achieve a desired directivity pattern for a desired sound 
stream, then typically, blocks 3020, 3030 and 3040 in FIG. 
20A comprise blocks 20, 30 and 40 of FIG. 13 respectively 
and block 3050 comprises latch controller 50 of FIG. 13, 
programmed to implement the per-clock operation of block 
3050 e.g. as shown and described herein with reference to 
FIG 21. 
(0279 FIG. 21 is a simplified flowchart illustration of per 
clock operation of the moving element constraint controller 
3050 of FIGS. 20A-20B, in accordance with certain embodi 
ments of the present invention. 
Step 3100 determines how many moving elements should 
move during the current clock. Typically, and as described in 
detail above with reference to FIGS. 13-19, the number of 
moving elements which are to move during a given clock is 
generally proportional to the intensity of the input signal 
during that clock, Suitably normalized e.g. as described above 
with reference to resampler 814 and scaler 815 of FIG. 17B. 
Step 3200 determines which moving elements should move 
during the current clock, using, in some embodiments, a 
suitable moving element selection LUT which is typically 
loaded into the memory of the constraint controller 3050 of 
FIGS. 20A-20B during factory set-up. Each such LUT is 
typically built for a specific moving element array taking into 
account, interalia, the array size and whether or not the array 
is skewed. Each directivity pattern which it is desired to 
achieve typically requires its own LUT. 
0280 Step 3300 determines the amount of delay with 
which to operate each of the moving elements of moving 
element array 3010 or 3012 of FIGS. 20A-20B. 
Step 3200 is now described in detail. A suitable method for 
performing step 3200 is now described. Step 3200 typically 
employs a LUT (look up table) which has cells which corre 
spond one-to-one to the pressure producing elements in the 
array. For example, if the array comprises a rectangle of 
100x200 pressure producing elements then the LUT may 
have 100x200 cells. Each cell holds a uniquely appearing 
integer between 1 and the total number of pressure producing 
elements such as 20000 in the illustrated example. Therefore, 
the LUT assigns an ordinal number to each pressure produc 
ing element in the array. Associated in memory with the LUT 
is a integer parameter P which stores an indication of the 
number of pressure producing elements currently in a first 
operative configuration from among two operative configu 
rations, characterized in that transition of the pressure pro 
ducing elements therebetween produces pressure in the 
medium, Such as air, in which the apparatus of the invention 
is disposed. In some embodiments, pressure in opposite 
directions is obtained when the elements move from the first 
configuration to the second, as opposed to when the elements 
move from the second configuration to the first. In other 
embodiments, pressure is obtained as long as the elements are 
in the first configuration, and no pressure is obtained when the 
elements are in the second configuration. 
0281 Typically, P is initialized during set-up as described 
below, and is then assigned a current value in each clock by 
step 3100. In the immediately following step 3200 in the same 
clock, P pressure producing elements are brought to their first 
operative configuration and N-P pressure producing elements 
are brought to their second operative configuration where N is 
the number of pressure producing elements in the array. The 
P elements selected to be in their first operative configuration 
are those whose ordinal number as determined by the LUT is 
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smaller than P. The N-P elements selected to be in their 
second operative configuration are those whose ordinal num 
ber as determined by the LUT is greater than or equal to P. 
0282 One of these configurations, say the first, is typically 
arbitrarily considered the “positive configuration whereas 
the other configuration, say the second, is then considered the 
“negative configuration. Alternatively, in some applications 
there may be a physical reason to select a specific one of the 
configurations to be the positive configuration. The pressure 
generated when a pressure producing element moves from the 
second configuration to this first configuration is termed 
"positive pressure' whereas the pressure generated when a 
pressure producing element moves from the second configu 
ration to this first configuration is termed “positive pressure'. 
The pressure generated by a single transition from one con 
figuration to the other is termed herein a pressure “pulse'. 
0283 During set-up, the parameter P is typically given an 

initial value equal to half of the number of pressure producing 
elements in the array such as 10000 in the present example. 
The array is then initialized such that each pressure producing 
element whose ordinal number as determined by the LUT is 
less than P is brought to its first configuration and the remain 
ing pressure producing elements are brought to their second 
configuration. 
0284. A suitable LUT (look up table), which has cells 
which correspond one-to-one to the N pressure producing 
elements in the array, storing integers from 1 to N. may be 
generated as follows: 
A criterion for LUT quality is first determined, which may be 
application-specific. One suitable criterion for LUT quality is 
now described. 
0285) A list is prepared of all possible subsets of consecu 

tive integers ranging between 1 and N. In the present example, 
the first subset, termed hereinafter S2, includes 2 integers: 1 
and 2; the second Subset, S2 includes the integers 2 and 3. 
and so on for all Subsets containing two integers. The last 
two-element Subset, S2 oooo, contains the integers 19999 and 
20000. The list also includes all possible three element sub 
sets, namely, to continue the example, S3 (which includes 
integers 1, 2, 3), S3 (which includes integers 2, 3, 4). . . . 
S3s (which includes integers 19998, 19999, 20000). The 
list also includes all 4 element subsets, 5 element subsets and 
so on and so forth. The last subset, S20000, contains all 20000 
elements. In general, a Subset containing Kintegers, starting 
at i is labeled SK. It is appreciated that for a LUT containing 
N cells, the number of possible subsets M equals M-(N-1) 
*N/2. 

0286 For each subset SK, a set of coordinates is defined 
(X,Y), (X,Y), . . . (X-1, Y.K.) Such that the coor 
dinates represent the position of the pressure-producing ele 
ments whose ordinal numbers are i, i+1, i+k-1 according to 
the current LUT. 
(0287. For each subset SK, a propagation angle OK, is 
computed e.g. using analytic or numeric computation meth 
ods, typically using Suitable computer simulation applica 
tions such as Matlab, MatCAD or Mathematica. The sound 
waves propagation angles are computed for K coherent 
Sound sources, disposed at positions (X, Y), (X,Y), .. 
. (X,Y), all producing sinusoidal waves at the same 
phase and at a frequency equal to the system sampling rate, 
e.g. 44100 Hz. 
0288 A “propagation angle of a subset' is defined as 
follows: Each subset corresponds to a subset of pressure 
producing elements. A reference axis is defined passing 
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through the center of mass of the array of pressure producing 
elements and perpendicular to its main Surface. The intensity 
of Sound generated by the Subset of pressure producing ele 
ments approaches a maximum as one retreats from the array 
of pressure producing elements along the reference axis. 
Therefore, a maximal intensity for the subset may be defined 
by measuring the intensity at a location L which is on the 
reference axis and Sufficiently distant from the array So as to 
ensure that the differences between the distance of location L 
and each of the pressure producing elements in the Subset are 
Sufficiently, e.g. an order of a magnitude, Smaller than the 
wavelength w associated with the system clock. At least one 
reference plane is defined which includes the reference axis. 
It is appreciated that an infinite number of such reference 
planes exists. For cylindrical propagation applications in 
which a focal axis is defined, select a reference plane which 
includes the focal axis. It is appreciated that a LUT con 
structed on this basis would typically also be suitable for 
omnidirectional applications. For propagation applications in 
which a focal point is defined as described herein, select a 
reference plane which includes the focal point. If more than 
one such reference plane exists, select two such reference 
planes which are mutually perpendicular. 
0289. The propagation angle of the subset, termed herein 
OK, is defined for each reference plane selected for that 
subset, as follows: Define an imaginary circle within the 
reference plane whose center is at the point of intersection 
between the reference axis and the main surface of the array 
and whose radius is the distance between L and the main 
surface of the array. Select two locations on the circumference 
of the circle on both sides of the reference axis respectively, in 
which the sound intensity generated by the subset of pressure 
producing elements is half of the maximal intensity measured 
at L. The angle defined between two radii connecting the 
center of the circle to these two locations respectively is 
termed the propagation angle of the Subset for that reference 
plane. If the Subset has two perpendicular reference planes as 
described above, simple or weighted average of the two 
propagation angles may be computed to obtain a single 
propagation angle OK, for the Subset. If the directivity pattern 
across a certain reference plane, e.g. a vertical plane, is more 
important than that across the other, perpendicular reference 
plane, greater weight is assigned to the more important plane. 
For example, in certain applications the most important con 
sideration may be to prevent unwanted noise from reaching 
locations on different floors in which case a vertical reference 
plane would be more heavily weighted than the horizontal 
reference plane. An example of a suitable criterion for the 
“best-ness” of a specific LUT is: 

LUT-1 (average of all 0K)x(standard deviation See 

of all 0K.) 

0290. To determine the most suitable LUT, one may use a 
computer simulation to test and score all possible permuta 
tions i.e. all possible N-cell LUTs, and selecting the best one 
thereof. 
It is appreciated that the number of LUTs, each containing N 
cells, is N (N factorial). If N is sufficiently large, it becomes 
impractical to test and evaluate all possible LUTs i.e. all 
possible permutations of integers into LUT cells. If such is the 
case, a smaller number of LUT permutations may be selected, 
e.g. randomly, and the best one thereof is selected. 
0291. It is appreciated that alternatively, step 3200 may be 
performed without resort to a fixed LUT stored during set-up. 
Instead, the set of P-P pressure producing elements to be 
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activated may be selected by selecting the best subset of 
P-P elements from among the set of pressure producing 
elements which are currently in the second operative configu 
ration. This may be done by estimating the propagation angle 
0 for each possible subset of P-P elements and selecting 
that Subset which best matches the desired propagation pat 
tern. 

0292 Prefers to the current value of P whereas Prefers 
to the value of P in the previous system clock. 
0293. Furthermore, it is appreciated that in those applica 
tions in which the directivity pattern is not important, any set 
of pressure producing elements may be employed to achieve 
a temporal pressure pattern dictated by the input signal. 
0294 Step 3300, in which the amount of delay with which 
to operate each of the moving elements of moving element 
array 3010 or 3012 of FIGS. 20A-20B, is computed, deter 
mines the directionality of the sound generated by the 
speaker. Suitable methods and formulae for optionally posi 
tioning the moving element array as a function of desired 
directionality of propagation, if possible, and for computing 
delays also as a function of desired directionality of propa 
gation, are now described, for three example propagation 
patterns termed herein omni-directional, cylindrical and uni 
directional. It is appreciated that the three propagation pat 
terns discussed particularly herewithin are discussed merely 
by way of example. 
0295 FIGS. 22A-22B, taken together, describe a simpli 
fied example of a solution for performing step 3300 when it is 
desired to achieve omni-directional Sound i.e. sound which 
propagates outward through three dimensional space from a 
given point location termed herein the “focal point of the 
omni-directional sound. Specifically, FIG.22A is a simplified 
diagram of an omni-directional propagation pattern having a 
focal point 3400 and FIG. 22B is a diagram of a suitable 
positioning of a moving element array relative to the focal 
point of the desired omni-directional Sound propagation pat 
tern of FIG. 22A. In the illustrated embodiment, the array of 
moving elements referenced generally 3010 or 3012 in FIGS. 
20A-20B comprises, merely by way of example, a typically 
non-skewed array 3410 of 14x21 moving elements. As 
shown, the array of moving elements is preferably although 
not necessarily positioned, as illustrated in FIG. 22B, such 
that its geometric center (located between the 7" and 8" rows, 
at the 11" column) of the array of moving elements coincides 
with the focal point 3400 of the omni-directional pattern, 
located at the center of the concentric circles representing the 
omni-directional pattern as shown in FIG.22A. The center of 
the array may also be positioned at the projection of the focal 
point of the omni-directional pattern onto the plane of the 
moving element array 3410. It is appreciated that the array 
need not be positioned as illustrated and may instead be 
positioned at any suitable location, Such as a fixed location 
independent of the particular propagation pattern currently 
selected by a user. 
0296. It is appreciated that the array need not be of the 
specified dimensions or shape. In fact Suitable embodiments 
of direct digital speakers are comprised of thousands to hun 
dreds of thousands of pressure-producing elements. The 
shape of the array may change according to application and/ 
O US. 

0297. It is also appreciated that the focal point referred to 
herein need not be positioned on the main surface defined by 
the array of pressure-producing elements. Changing the dis 
tance between the focal point and the main surface of the 
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array of the pressure-producing elements changes the direc 
tionality pattern of the device. e.g. placing the focal point on 
the Surface (Zero distance) would produce true omni-direc 
tional directivity pattern where sounds intensity remain 
essentially equal regardless of the angle in which the Sound 
propagates. Placing the focal point at a certain distance, d 
behind the Surface of pressure-producing elements defines a 
projection cone (in the case of a round array) or a projection 
pyramid (in the case of a square or rectangular array) that is 
characterized by a head angle narrower than 180 degrees. 
Placing the focal point at an infinite distance behind the main 
Surface of the pressure producing elements (given that the 
Sound produced by the pressure producing elements is pro 
duced in front of the main Surface) typically defines a projec 
tion cone or a projection pyramid that is very narrow and 
would produce a true unidirectional directivity pattern. Typi 
cally, the sound intensity throughout the projection cone or 
projection pyramid remains essentially equal while the inten 
sity outside the cone or pyramid is significantly lower. It is 
appreciated that d may be either 0 or infinity in certain appli 
cations. In certain applications, d may be determined as a 
function of a user control. 
0298 Referring back to FIG.22A, each circle shown rep 
resents half a phase and has a radius r which is computed 
using the following formula: 

where: N=the serial number of the circle, counting outward 
from the center and starting from 1. 
d=the distance of the plane of the non-skewed array from the 
focal point of the omni-directional Sound 
w-c T, where c=the speed of sound through the medium in 
which the speaker is operating, typically air, and T the period 
of the system clock of FIG. 20A or 20B (not shown). 
0299. It is appreciated that specific delay values for the 
moving elements in array 3410, suitable for achieving the 
omni-directional pattern of FIG. 22A, may be determined as 
follows: 
(a) Any moving element which coincides with a circle whose 
serial number is N is assigned a delay value of NT/2. 
(b) Any moving element which does not coincide with a 
circle, and instead falls between a pair of circles whose serial 
numbers are N and N-1 is assigned a delay value by interpo 
lating e.g. linearly between the following two values: NT/2 
and (N+1)T/2. 
0300 Alternatively, a suitable formula for determining 
delays is described in detail below. 
0301 The scope of the present invention includes but is 
not limited to a method for controlling direct digital speaker 
apparatus receiving a digital input signal and generating 
Sound accordingly, the method comprising providing an array 
of pressure-producing elements, and computing a timing pat 
tern determining if and when each pressure-producing ele 
ment is operative to produce pressure pulses so as to achieve 
a desired directivity pattern. The array is then operated in 
accordance with the timing pattern in order to achieve Sound 
having the desired directivity pattern. 
0302 Optionally, the providing and computing steps are 
performed a plurality of times thereby to obtain a correspond 
ing plurality of arrays and a corresponding plurality of timing 
patterns defining a corresponding plurality of directivity pat 
terns. The method then also comprises the step of operating 
the plurality of arrays simultaneously in accordance with the 
corresponding plurality of timing patterns respectively 
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thereby to obtain a single directivity pattern comprising a 
combination of the directivity patterns corresponding to the 
plurality of timing patterns. The plurality of arrays may in fact 
comprise portions of a single larger array. So, for example, a 
single array of pressure producing elements such as any of 
those shown and described herein may be partitioned into 
regions, e.g. quarters, and the pressure producing elements in 
each region may be operated in accordance with its own 
particular timing pattern or delay pattern. For example, this 
allows a pattern of several, say four, different unidirectional 
beams to be achieved. Alternatively, to give another example, 
this allows, say, omni-directional background Sound to be 
Superimposed on one or more different foreground Sound 
streams each respectively having its own, say, uni-directional, 
cylindrical or omni-directional propagation pattern. It is 
appreciated that in multi-directional embodiments, each of 
the unidirectional beams may produce a different digital input 
signal, e.g. the left and right channels of a stereophonic signal. 
0303. It is appreciated that the electromagnetic field con 

troller 30 is preferably designed to ensure that the alternating 
current flowing through the coil maintains appropriate mag 
netic field strength at all times and under all conditions so as 
to allow sufficient proximity between the moving elements 10 
and the electrostatic latches 20 to enable latching, while pre 
venting the moving elements 10 from moving too fast and 
damaging themselves or the latches 20 as a result of impact. 
0304. In some applications, a small displacement (typi 
cally up to 5 microns) of translating elements is Sufficient for 
appropriate operation. In Such speakers, the electromagnetic 
driving coil may be eliminated. In this case set-up may be 
affected by the same electrodes which are designed to func 
tion as latching elements. This is possible because in short 
stroke translating elements, the electrostatic forces between 
flexures and electrode elements, even in the initial flexure 
position in which maximal air gaps occur, are sufficient to 
Swing the flexures under resonance conditions. 
0305 FIG.23A is an isometric view of small-stroke trans 
lating element apparatus as described above. FIG. 23B is an 
exploded view of the apparatus of FIG. 23A. FIG. 23C is an 
enlarged illustration of the bubble of FIG. 23A. A flexure 
4030 is interposed between two rigid electrodes 4010 and 
4050 which are separated from flexure 4030 by insulator 
layers 4020 and 4040. To provide appropriate operation, the 
electrodes comprise an array of through-holes 4055 provid 
ing Sufficient air passing through, to generate Sound as 
required by the application. 
0306 As shown, the apparatus is a short stroke apparatus 
in which the stroke, typically determined by the thickness of 
the insulating layers 4020 and 4040, falls within the operative 
range of the electrostatic force generated by the Voltage 
applied between the electrodes 4010 and 4050 and the trans 
lating element layer 4030. In particular, the apparatus of 
FIGS. 23A-23C is constructed such that the electrostatic 
force is capable of inducing translation of the translating 
elements wherever they may be located rather than only when 
the translating elements have been previously caused to 
approach the relevant electrode. As is well known, one char 
acteristic of an insulator (and of air) is the “breakdown volt 
age' of each which defines the maximum voltage difference 
that can be applied across the material before the insulator 
collapses and conducts. Therefore, the Voltage that can be 
applied between the translating element layer 4030 and the 
electrode layers 4010 and 4050 is limited by the breakdown 
voltage of the insulating layers 4020 and 4040 and surround 
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ing air. Consequently, the stroke is selected to be small 
enough to allow the limited Voltage that can be applied to 
induce translation of the translating elements 4030 irrespec 
tive of their location. 
0307 Suitable voltages to be applied to the electrodes in 
these translating elements, when the apparatus is in start 
procedure and in normal operation mode, are now described. 
In start procedure, as shown in FIG. 24A, two electrodes 
operate synchronously at resonance frequencies which are 
mutually shifted by half a period. As shown in FIG. 24B, a 
periodical voltage is applied to each electrode which may 
vary from Zero up to a maximal level. Optionally, Zero or 
essentially Zero voltage may be maintained for half the 
period. 
0308 Responsive to a “position translation' command 
issued by a suitable controller at time t 0, the latching elec 
trode 4010 is shorted to the flexure for a short time (the 
“release” period on the top graph of FIG. 24C) and then 
reverts to a low "idle' voltage. About halfway through this 
idle period, as shown in the bottom graph in FIG. 24B, elec 
trode 4050 is connected to a high voltage for a short duration, 
which duration is also termed herein the "catching duration. 
The first electrode 4010 then transmits to a latching voltage to 
provide latching. 
0309 Instead of shorting the latching electrode 4010 to the 
flexure during the “release” period, it may be desirable to 
apply a Voltage, typically lower than the Voltage during the 
“hold” period, between the flexure and the latching electrode 
4010, perhaps even one of opposite polarity, thus expediting 
dissipation of charge from the latching electrode 4010. 
0310. According to certain embodiments of the present 
invention, a suitable electronic circuit may be provided to 
transfer the charge from the electrode to a suitable charge 
storage device (e.g. a capacitor) rather than disposing of the 
charge. The stored charge may be reused at a later stage rather 
than generating a new charge, thus improving the electrical 
efficiency of the system. 
0311. Also, instead of storing the charge in a charge stor 
ing device, it may be desirable to transfer the charge from the 
“release' stage electrode to a different latching electrode that 
may be at a "catch' stage at the time, e.g. the latching elec 
trode 4050 disposed at the latching position opposite to the 
one from which the charge is removed. 
0312 The top graph of FIG. 24A is a graph of displace 
ment of the resiliently translating elements 4030 of FIGS. 
23A, -23B vs. time. The middle graph of FIG.24A is a graph 
of the voltage, versus time, between the flexure and first 
electrode 4010. The bottom graph of FIG. 24A is a graph of 
the Voltage, Versus time, between the flexure and second 
electrode layers 4050. 
0313. In normal operation mode, as shown in FIG. 24A, 
initially the translating element is latched to the latching 
electrode 4010 by a relatively low latching voltage (latching 
Voltage) Such as 10-20% of the maximal Voltage (top graph). 
The other electrode 4050 (bottom graph) may be kept under a 
rather low voltage (idle level). 
0314. Following receipt of an “up-down translation' com 
mand from a suitable controller, a very low “release' voltage 
is typically applied to the first latching electrode for a short 
time, typically 10% to 60% of the period. The first latching 
electrode may even be shortened to the translating element 
layer 4030. This voltage then increases to an "idle' level 
typically comprising about 30-40% of the maximal voltage. 
In parallel the voltage at the second electrode, initially at idle 
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level, jumps up to a maximal "catch” level for a very short 
time, about half a period after initiation of the release voltage 
on the first electrode. After the "catch' plateau, the voltage at 
the second electrode then decreases to a relatively low latch 
ing Voltage as shown. Following receipt of an "up-down 
translation' command from a suitable controller, the 
sequence is just the opposite of that described above as occur 
ring following receipt of a "down-up translation' command: 
A very low “release' voltage is applied to the second elec 
trode for a short time, typically for 10% to 60% of the period. 
The voltage at the second electrode then increases to an "idle’ 
level which is typically about 30-40% of the maximal voltage. 
In parallel the Voltage at the first electrode, maintained at an 
idle level, jumps up to a maximal "catch” level for a very short 
time about half a period after the release occurs, and subse 
quently decreases down to a relatively low latching Voltage. 
0315. As shown, typically the up-down translation time 
interval and the down-up translation time interval are equal in 
length. The up-down translation typically terminates well 
before T time has elapsed (counting from receipt of the up 
down translation command), typically at close to 0.5T. Such 
as approximately 0.53-0.55T, from receipt of the up down 
translation command. The same is true, mutatis mutandis, for 
the down-up translation. 
0316. It is appreciated that the graphs of FIGS. 24A and 
24B inter alia are simplifications, e.g. because the start pro 
cedure typically comprises up to several hundred pulses of 
Voltage and not only a few as shown. Any suitable number of 
pulses can be provided in the start procedure, assuming that 
the number of pulses is capable of bringing the translating 
elements into their extreme positions. The number of pulses 
may be determined, interalia, based upon Some or all of the 
maximal voltage level, stroke length, and acoustic impedance 
of the translating element. Generally, the higher the Voltage 
level the less pulses need be employed; the larger the stroke 
the greater number of pulses need be employed; and the 
higher the acoustic impedance the more pulses need be 
employed. As an example, for a translating element having a 
400 um diameter circular active surface, each translating 
element distanced 2 um from its electrode (i.e. having a 2 um 
stroke) and a Voltage level of 120 V, a few dozen pulses, e.g. 
approximately 20 pulses, might be employed. 
0317. The “roof of each pulse during the start procedure 
need not be flatas in FIG.24A nor need it incline upward and 
then downward specifically linearly as shown for simplicity 
in FIG. 24B. 
0318 FIG. 25 is a simplified pictorial diagram of actuator 
apparatus having only one latch to latch its translating ele 
ments, the apparatus being constructed and operative in 
accordance with certain embodiments of the present inven 
tion. In FIG. 25 each translating element comprises only one 
latching electrode 4450 such that flexure 4230 may be latched 
into only a single "latched position 4335. When released, 
flexure 4430 moves back and forth as indicated by arrow 4440 
arriving at the opposite extreme position 4245 without latch 
ing. To provide the same acoustic effect as in previous 
embodiments, two identical Subsets of translating elements 
may be provided which operate synchronously and in accor 
dance with a common algorithm. Suitable Velocity and dis 
placement vs. time sequences for the two Subsets and total 
pressure effect for the two subsets of translating elements 
respectively are illustrated in FIGS. 26-27. 
0319 Prior to the translation command all translating ele 
ments are latched in their single latching positions 4335. 
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Upon receiving a “translate forward’ command in time 4331, 
translating elements in the first Subset are released whereas 
release of translating elements in the second Subset lags, 
relatively, by half a period (one clock). After their respective 
releases from time 4332, both subsets move harmonically 
between their extreme positions without latching. Upon 
receiving a “translate back’ command in time 4370, translat 
ing elements belonging to the Subset which at that moment is 
close to the latching position, are latched. FIG. 26 illustrates 
a situation when the first subset is about to be latched whereas 
FIG. 27 illustrates a situation when the second subset is about 
to be latched. In FIG. 26, once translating elements in the first 
Subset are latched, translating elements in the second Subset 
are latched after a half period (one clock) lag at time-point 
4371. In FIG. 27 once translating elements in the second 
Subset are latched, translating elements in the first Subset are 
latched after a half period (one clock) lag at time-point 4371. 
After their respective latches, both subsets remain static until 
a new “translate forward’ command has been received. 
0320 Curves 4342 and 4344 represent the displacements 
of the first and second Subsets of translating elements respec 
tively. Curves 4352 and 4354 represent the velocities (pres 
Sures) of the first and second Subsets of translating elements 
respectively. As a result, at a time clock between points 4331 
and 4332 a positive total pressure pulse 4351 is formed; at a 
time clock between points 4370 and 4371 a negative total 
pressure pulse 4371 is formed; and between time points 4332 
and 4370 a zero (ni) total pressure effect is obtained. 
0321 FIGS. 28A and 28B are isometric views of example 
embodiments of actuator apparatus designed to operate with 
only one latch. In FIG. 28A through-holes are provided in the 
electrode whereas in FIG.28B the holes are in the membrane. 
FIGS. 29A and 29B are exploded views of the devices of 
FIGS. 28A and 28B respectively. The driving force in these 
embodiments need not be electrostatic, and may be of any 
other type Such as but not limited to an electromagnetic force, 
or a combination of electrostatic and electromagnetic forces. 
The actuator apparatus of FIG. 28 typically comprises a flex 
ure 4030 and an electrode 4050 separated from flexure 4430 
by an insulation layer 4040 as shown. 

EXAMPLE 

0322 FIG. 30 is a diagram of an array of translating ele 
ments to be used, in pairs, to generate a Sound. It is appreci 
ated that the array of FIG. 30, for simplicity, is shown as 
including only a relatively small number of elements such as 
24 elements yielding 12 pairs of elements. In practice, quality 
of Sound considerations usually demands that the array 
includes many more pairs of elements such as one or more 
thousands of elements. 
0323 FIG.31 is a pressure vs. time graph for a sound to be 
generated using the array of FIG. 30 and using a scheme in 
which the controller selectably latches (or not) all of the 
translating elements in the array into a single extreme position 
e.g. the first extreme position. 
0324 FIG. 32 is a composite graph including graphs of 
translations of each of the elements in the array of FIG. 30, as 
a function of time, which translations can yield the Sound 
depicted in FIG. 31. 
0325 It is appreciated that in the example of FIGS. 30-32, 
each two translating elements are permanently paired 
together. For example, element 1-1 in the above example is 
always paired with element 1-2. However, in certain applica 
tions, it may be desired to have a fluctuating pairing system 
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including even a random pairing system, in which element 
1-1 (say) may be paired initially with element 1-2 but subse 
quently with other elements e.g. as a result of an on-the-fly 
decision as to the current capabilities of various adjacent 
translating elements. 
0326 Operation according to certain embodiments of the 
present invention is described by way of example, for actuator 
apparatus including 24 translating elements arranged in a 5x5 
matrix whose central element is missing as shown in FIG. 30. 
The 24 active translating elements 1-1, ... 3-2 and 3-4, ... 5-5 
are partitioned into the following 12 cooperating pairs: (1-1, 
2-1), (1-2.2-2), (1-3,1-4), (1-5.2-5), (2-3.2–4), (3-1,3-2), (3-4, 
3-5), (4-1,4-2), (4-3,4-4), (4-5,5-5), (5-1.5-2), (5-3,5-4). It is 
appreciated that alternatively, any other pairs might have been 
defined. 
0327 FIG. 31 is a graph of a sound pressure wave to be 
created using the actuator apparatus of FIG. 30. The sound 
pressure wave to be created, a sinusoidal wave with a period 
equal to 12 time clocks, may be approximated by 12 pressure 
pulses distributed through the 12 time clocks respectively. 
0328 FIG. 32 is a composite graph of the respective dis 
placements of the translating elements 1-1, ... 3-2 and 3-4, . 
... 5-5 of FIG. 30 which, in combination, provide the total 
pressure effect shown in the top graph of FIG. 32. In the 
specific example shown, elements (1-1.2-1) are used to create 
pulses 1 and 7 in the total pressure effect. At the beginning of 
time clock “1” translating element 1-1 is released and starts to 
oscillate; after one clock translating element 2-1 (which has 
been “assigned to be the cooperating element for element 
1-1) is released and starts to oscillate simultaneously with 
translating element 1-1. At the beginning of time clock “7” 
translating element 1-1 is latched and after one clock trans 
lating element 2-1 is latched. 
0329. In order to create pulses 2 and 8 which are double the 
height of pulses 1 and 7 respectively, 2 pairs of cooperating 
translating elements (1-2.2-2) and (1-3.1-4) are used. At the 
beginning of time clock '2' translating elements 1-2 and 1-3 
are released and start to oscillate; after one clock the cooper 
ating translating elements 2-2 and 1-4 are released and start to 
oscillate simultaneously with translating elements 1-2 and 
1-3 respectively. At the beginning of time clock “8” translat 
ing elements 1-2 and 1-3 are latched and after one clock the 
translating elements 2-2 and 2-4 are latched. Pulse pairs 3 and 
9, 4 and 10, 5 and 11, and 6 and 12, are created similarly. 
0330 Built-in fuses may be added to the flexure design 
irrespective of whether the embodiment of FIGS. 24A-24B is 
employed or not. Such fuses allow any translating element 
which has suffered a breakdown to be disconnected immedi 
ately. If group operation of certain translating elements is 
provided, a particular advantage of fuse provision is that 
appropriate operation of the remaining translating elements 
belonging to the same group, all of which are typically con 
nected to one another in parallel, is maintained despite break 
downs. 

0331 Reference is now made to FIG.33 which is a top 
view illustration of an improved speaker apparatus flexure 
layer characterized in that translating element flexures 4011 
are Surrounded by a non-closed narrow gap 4013 So as to form 
a narrow isthmus 4014 conducting a charging current. In the 
event of a fault in the insulating layer separating the translat 
ing element and any one of its respective electrodes, resulting 
in insulation breakdown and short circuit to an electrode to 
which a working Voltage has been applied, shorting current 
flows through isthmus 4014 and burns it out, disconnecting 
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the problematic translating elementandaffording appropriate 
operation of the remaining translating elements in the same 
group. 

0332 The dimensions (width, length and/or thickness) of 
the isthmus 4014 may be selected such that under normal 
operating conditions, in which no breakdown of the insulat 
ing layer has occurred, the charging current flowing through 
the isthmus 4014 is Substantially (e.g. an order of magnitude) 
smaller than the current required to burn the isthmus, whereas 
the breakdown current flowing through the isthmus 4014 in 
case of insulation fault is substantially (e.g. an order of mag 
nitude) larger than the current required to assure burning of 
the isthmus 4014. 

0333. It is appreciated that the term “stroke' is used herein 
to refer to half of the peak-to-peak distance defined by a 
translating element. 
0334. It is appreciated that the term “adjacent” refers to 
translating elements whose distance from one another is 
small relative to the wavelength of sound generated by the 
elastic translation of any one of the elements. Therefore, 
“adjacent elements' may comprise, but do not necessarily 
comprise, neighboring elements in the array. Typically, the 
adjacent translating elements are as near as possible to one 
another. The distance between the adjacent translating ele 
ments may for example, depending on the application, be 1 to 
10 percent of the wavelength of sound generated by the elastic 
translation of any one of the elements. 
0335. It is appreciated that sound as used herein refers to 
vibration transmitted through a solid, liquid, or gas such as 
but not limited to those vibrations whose frequencies are 
capable of being detected by human ears. 
0336. It is appreciated that the latching device typically 
includes several or many latches each of which provide the 
two operative states either individually for a single translating 
element or collectively for a subset of the totality of elasti 
cally translating elements in the array. According to one 
embodiment of the present invention, one individual latch 
may latch its corresponding translating element or elements 
into the first position, whereas another individual latch may 
latch its corresponding translating element or elements into 
the second position. It may even be the case, that the latches 
for the first and second elements in an individual pair, include 
a first latch latching the first element into the first extreme 
position and a second latch which latches the second element 
into the second extreme position. Alternatively, the latch/es 
for the first and second elements in an individual pair, include 
one or two latches latching both of the first and second ele 
ments into the same one of the two extreme positions e.g. the 
first extreme position. According to another embodiment of 
the present invention, all of the latches latch their respective 
corresponding translating element or elements into the same 
one of the two extreme positions e.g. the first extreme posi 
tion. 

0337 With specific reference to the Figures, it is stressed 
that the particulars shown are by way of example and for 
purposes of illustrative discussion of the suitable embodi 
ments of the present invention only, and are presented in the 
cause of providing what is believed to be the most useful and 
readily understood description of the principles and concep 
tual aspects of the invention. In this regard, no attempt is made 
to show structural details of the invention in more detail than 
is necessary for a fundamental understanding of the inven 
tion. The description taken with the drawings makes apparent 
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to those skilled in the art how the several forms of the inven 
tion may be embodied in practice. 
0338 Features of the present invention which are 
described in the context of separate embodiments may also be 
provided in combination in a single embodiment. Conversely, 
features of the invention which are described for brevity in the 
context of a single embodiment may be provided separately 
or in any suitable Subcombination. For example, moving ele 
ments may be free floating, or may be mounted on filament 
like flexures or may have a surrounding portion formed of a 
flexible material. Independently of this, the apparatus may or 
may not be configured to reduce air leakage therethrough as 
described above. Independently of all this, the moving ele 
ment may for example comprise a conductor, coil, ring- or 
disc-shaped permanent magnet, or ring- or disc-shaped fer 
romagnet and the magnets, if provided, may or may not be 
arranged such that the poles of some e.g. 50% thereof are 
oppositely disposed to the poles of the remaining e.g. 50% of 
the magnets. 
0339 Independently of all this, the latch shape may, in 
cross-section, be solid, annular, perforated with or without a 
large central portion, or notched or have any other Suitable 
configuration. Independently of all this, control of latches 
may be individual or by groups or any combination thereof. 
Independently of all this, there may be one or more arrays of 
actuator elements which each may or may not be skewed and 
the cross-section of each actuator element may be circular, 
square, triangular, hexagonal or any other suitable shape. 
0340. It is appreciated that software components of the 
present invention including programs and data may, if 
desired, be implemented in ROM (read only memory) form 
including CD-ROMs, EPROMs and EEPROMs, or may be 
stored in any other Suitable computer-readable medium Such 
as but not limited to disks of various kinds, cards of various 
kinds and RAMs. Components described herein as software 
may, alternatively, be implemented wholly or partly in hard 
ware, if desired, using conventional techniques. 
0341 The present invention also includes computer pro 
gram products, comprising a computer usable medium hav 
ing a computer readable program code embodied therein, the 
computer readable program code adapted to be executed to 
implement any or all of the methods shown and described 
herein. 
0342. The present invention has been described with a 
certain degree of particularity, but those versed in the art will 
readily appreciate that various alterations and modifications 
may be carried out to include the scope of the following 
Claims: 

1. An actuator array for generating Sound, the actuator 
array comprising at least one actuator device, the at least one 
actuator device including: 
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(a) a latching electrode; 
(b) a flexure comprising one or more flexible elements 

peripheral to and integrally formed with a central por 
tion, the central portion being configured to travel back 
and forth along a respective axis perpendicular to the 
latching electrode in response to an electrostatic force 
generable by applying a Voltage between the latching 
electrode and the flexure; 

(c) an insulation layer separating the latching electrode 
from the flexure. 

2. The actuator array according to claim 1, wherein the 
latching electrode is designed to function as an electrostatic 
latching element by being oppositely charged such that the 
latching electrode and the central portion of the at least one 
actuator device constitute a pair of oppositely charged elec 
trodes. 

3. The actuator array according to claim 1, further com 
prising a controller configured for applying Voltages between 
the latching electrode and the flexure so as to control driving 
and latching of the central portion of the at least one actuator 
device. 

4. The actuator array according to claim3 being configured 
to receive a digital input signal and wherein the controller is 
configured to control the driving and the latching of the cen 
tral portion of the at least one actuator device so as to generate 
a Sound at least one attribute of which corresponds to at least 
one characteristic of the digital input signal. 

5. The actuator array according to claim 1, wherein the 
latching electrode comprises partial annular openings facing 
the peripheral flexible elements of the flexure. 

6. The actuator array according to claim 1, wherein the 
latching electrode further comprises arrays of through holes. 

7. The actuator array according to claim 6, wherein the 
arrays of through holes face the central portion of the flexure. 

8. An actuation system for generating Sound, the system 
comprising: 

a latching electrode; 
at least one array of translating elements each constrained 

to travel alternately back and forth from the latching 
electrode along an axis perpendicular to said latching 
electrode, in response to activation of electrostatic 
forces; and 

a controller operative to use said electrostatic forces to 
Selectably latch at least one Subset of said translating 
elements with the latching electrode. 

9. The actuation system according to claim 8 wherein said 
electrostatic forces on each individual translating element are 
generated by at least one Voltage applied between the indi 
vidual translating element and the latching electrode. 
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